Smart actuation and sensing for meso-scale surgical robotic systems by Sheng, Jun








of the Requirements for the Degree
Doctor of Philosophy in
Robotics
Georgia Institute of Technology
August 2019
Copyright c© Jun Sheng 2019
SMART ACTUATION AND SENSING FOR MESO-SCALE SURGICAL
ROBOTIC SYSTEMS
Approved by:
Dr. Jaydev P. Desai
Wallace H. Coulter Department of
Biomedical Engineering
Georgia Institute of Technology
Dr. Jun Ueda
George W. Woodruff School of
Mechanical Engineering
Georgia Institute of Technology
Dr. Frank L. Hammond III
Wallace H. Coulter Department of
Biomedical Engineering
Georgia Institute of Technology
Dr. John N. Oshinski
Wallace H. Coulter Department of
Biomedical Engineering
Georgia Institute of Technology
Dr. Zachary L. Bercu
School of Medicine
Emory University
Date Approved: July 2, 2019
The only true wisdom is in knowing you know nothing.
Socrates
To my wife Jiah-Ying Lu and my parents.
ACKNOWLEDGEMENTS
First and foremost, I would like to thank my advisor, Dr. Jaydev P. Desai, for providing
invaluable mentorship and great support during my doctoral study. Without his help and
guidance, I would not be able to overcome many academic challenges in the past five years.
By working with Dr. Desai, I have learned a lot both academically and personally, and I
will always be grateful for his mentorship. I would also like to thank Dr. Jun Ueda, Dr.
Frank L. Hammond, Dr. John N. Oshinski, and Dr. Zachary L. Bercu for serving on
my dissertation committee. Their invaluable suggestions and comments have helped me
improve this dissertation.
The research reported in this dissertation was supported in part by the National Insti-
tute of Bioengineering Imaging and Bioengineering of the National Institutes of Health
under Award Number R21EB019161, R21EB018581, and R01EB015870, and National
Heart, Lung, And Blood Institute of the National Institutes of Health under Award Num-
ber R01HL140325. The content is solely the responsibility of the author and does not
necessarily represent the official views of the National Institutes of Health. This work
was performed in part at the Georgia Tech Institute for Electronics and Nanotechnology,
a member of the National Nanotechnology Coordinated Infrastructure, which is supported
by the National Science Foundation (Grant ECCS-1542174).
I would like to thank my collaborators and lab colleagues for their support. I would
like to acknowledge Dr. J. Marc Simard, Dr. Dheeraj Gandhi, Dr. Rao Gullapalli, Dr.
Timm-Michael L. Dickfeld, Dr. Jiachen Zhuo, Dr. Mahamadou Diakite, and Dr. Matthew
Kole with the University of Maryland School of Medicine for the collaboration work we
have done in the analysis and evaluation of the surgical robotic systems in the University
of Maryland Medical Center (UMMC). I would also like to acknowledge Dr. Xuefeng
Wang, currently an Assistant Professor at the University of Alabama, Tuscaloosa, for col-
laborating on the development of the low-current SMA bending module and Ms. Nancy J.
v
Deaton for collaborating on the development of the FBG bending sensor. I am also grate-
ful to other colleagues in the Robotic Automation and Medical Systems (RAMS) Labo-
ratory at University of Maryland College Park and the Medical Robotics and Automation
(RoboMed) Laboratory at Georgia Institute of Technology, including Dr. Hardik J. Pandya,
Dr. Yeongjin Kim, Dr. Elif Ayvali, Dr. Chad Kessens, Dr. Nahian Rahman, Dr. Seokhwan
Jeong, Dr. Shing Shin Chen, Kihan Park, Yash Chitalia, Phillip Tran, Wenxue Zhao, Car-
olyn Adkins, Dennis Nesline, and Drew D. Elliott. It has been a great pleasure to work with
these talented, friendly, and diligent colleagues. I appreciate all the discussions we had and
help they provided for my research.
Last but not least, I would like to express my deepest gratitude to my family. I owe a
debt of gratitude to my parents, Juming Sheng and Weifang Wu, for all their love and sacri-
fices which allow me to study abroad and pursue a doctoral degree. I am also grateful to my
parents-in-law, Tzong-Shi Liu and Baoin Hsu, for their understanding and encouragement.
Most of all, my special thanks go to my lovely wife, Jiah-Ying Lu. It is her support and
encouragement that help me successfully complete this research work. .
vi
TABLE OF CONTENTS
Acknowledgments . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . v
List of Tables . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . xiii
List of Figures . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . xiv
List of Abbreviations . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . xxiv
Summary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .xxvi
Chapter 1: Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1
1.1 Background and Motivation . . . . . . . . . . . . . . . . . . . . . . . . . . 1
1.2 Related Works . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 2
1.2.1 Brief History of Surgical Robots . . . . . . . . . . . . . . . . . . . 2
1.2.2 Meso-Scale Surgical Robotics . . . . . . . . . . . . . . . . . . . . 4
1.2.3 Smart Material Actuation . . . . . . . . . . . . . . . . . . . . . . . 6
1.2.4 Robotic Shape Sensing . . . . . . . . . . . . . . . . . . . . . . . . 8
1.3 Research Objectives and Main Contributions . . . . . . . . . . . . . . . . . 10
1.4 Organization of the Thesis . . . . . . . . . . . . . . . . . . . . . . . . . . 12
Chapter 2: SMA Torsion Module . . . . . . . . . . . . . . . . . . . . . . . . . . . 13
2.1 Design and Fabrication . . . . . . . . . . . . . . . . . . . . . . . . . . . . 14
vii
2.1.1 Working Principle . . . . . . . . . . . . . . . . . . . . . . . . . . . 14
2.1.2 Torsion Module Development . . . . . . . . . . . . . . . . . . . . 15
2.1.3 NICHE Robot Development . . . . . . . . . . . . . . . . . . . . . 17
2.1.4 SMA Training . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 19
2.2 Torsion Module Modeling . . . . . . . . . . . . . . . . . . . . . . . . . . 21
2.2.1 SMA Torsion Spring Model . . . . . . . . . . . . . . . . . . . . . 21
2.2.2 Torsion Module Static Model . . . . . . . . . . . . . . . . . . . . . 22
2.2.3 Maximum Motion Range . . . . . . . . . . . . . . . . . . . . . . . 26
2.3 Torsion Module Characterization . . . . . . . . . . . . . . . . . . . . . . . 29
2.3.1 SMA Torsion Spring Characterization . . . . . . . . . . . . . . . . 29
2.3.2 Friction Torque Characterization . . . . . . . . . . . . . . . . . . . 34
2.4 Experimental Studies . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 37
2.4.1 Controller Design . . . . . . . . . . . . . . . . . . . . . . . . . . . 37
2.4.2 Feedback Control Results . . . . . . . . . . . . . . . . . . . . . . . 39
2.4.3 Proof-of-Concept Demonstration . . . . . . . . . . . . . . . . . . . 41
2.5 Discussion and Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . 42
Chapter 3: Low-Current SMA Bending Module . . . . . . . . . . . . . . . . . . 44
3.1 Hardware Development . . . . . . . . . . . . . . . . . . . . . . . . . . . . 45
3.1.1 Bending Module Design . . . . . . . . . . . . . . . . . . . . . . . 45
3.1.2 Bending Module Fabrication . . . . . . . . . . . . . . . . . . . . . 46
3.2 Actuator Modeling . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 48
3.2.1 Electromagnetic Field . . . . . . . . . . . . . . . . . . . . . . . . . 48
viii
3.2.2 Heat Transfer . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 50
3.2.3 SMA Constitutive Model . . . . . . . . . . . . . . . . . . . . . . . 50
3.3 Experimental Studies . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 51
3.3.1 Fatigue Tests . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 51
3.3.2 SMA Actuation Comparison . . . . . . . . . . . . . . . . . . . . . 53
3.3.3 Estimation of Contact Conductance Coefficient . . . . . . . . . . . 55
3.3.4 Proof-of-Concept Demonstration . . . . . . . . . . . . . . . . . . . 57
3.4 Discussion and Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . 58
Chapter 4: Fiberoptic Rotation Sensor . . . . . . . . . . . . . . . . . . . . . . . 59
4.1 Sensor Design and Fabrication . . . . . . . . . . . . . . . . . . . . . . . . 59
4.1.1 First generation: One Fiber Set . . . . . . . . . . . . . . . . . . . . 59
4.1.2 Second/Third Generation: Multiple Fiber Sets . . . . . . . . . . . . 61
4.2 Light Intensity Modulation Modeling . . . . . . . . . . . . . . . . . . . . . 63
4.2.1 Coordinate Frame Definition . . . . . . . . . . . . . . . . . . . . . 63
4.2.2 LIM for the First Generation . . . . . . . . . . . . . . . . . . . . . 65
4.2.3 LIM for the Second/Third Generation . . . . . . . . . . . . . . . . 67
4.3 Preliminary Studies and Calibration . . . . . . . . . . . . . . . . . . . . . 70
4.3.1 Performance Comparison . . . . . . . . . . . . . . . . . . . . . . . 70
4.3.2 Model Verification . . . . . . . . . . . . . . . . . . . . . . . . . . 73
4.3.3 Calibration of the First Generation . . . . . . . . . . . . . . . . . . 74
4.3.4 Calibration of the Second/Third Generation . . . . . . . . . . . . . 75
4.4 Experimental Evaluation and Demonstration . . . . . . . . . . . . . . . . . 78
ix
4.4.1 Measurement Algorithm . . . . . . . . . . . . . . . . . . . . . . . 78
4.4.2 Precision Evaluation . . . . . . . . . . . . . . . . . . . . . . . . . 79
4.4.3 Control with the First Generation . . . . . . . . . . . . . . . . . . . 83
4.4.4 Control with the Third Generation . . . . . . . . . . . . . . . . . . 84
4.5 Discussion and Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . 86
Chapter 5: Large-Curvature FBG Bending Sensor . . . . . . . . . . . . . . . . . 87
5.1 Hardware Development . . . . . . . . . . . . . . . . . . . . . . . . . . . . 87
5.1.1 Sensor Design . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 87
5.1.2 Sensor Fabrication . . . . . . . . . . . . . . . . . . . . . . . . . . 89
5.2 Sensor Modeling . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 90
5.2.1 Fiber Bragg Grating . . . . . . . . . . . . . . . . . . . . . . . . . . 90
5.2.2 Strain Transfer Model . . . . . . . . . . . . . . . . . . . . . . . . . 91
5.2.3 Simulations . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 94
5.3 Experimental Studies . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 96
5.3.1 Model Evaluation . . . . . . . . . . . . . . . . . . . . . . . . . . . 96
5.3.2 Temperature Influence on Sensor Output . . . . . . . . . . . . . . . 97
5.3.3 Sensor Influence on Motion Range . . . . . . . . . . . . . . . . . . 98
5.3.4 Evaluation of the Integrated Sensor . . . . . . . . . . . . . . . . . . 99
5.4 Discussion and Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . 101
Chapter 6: Neurosurgical Robotic Headframe . . . . . . . . . . . . . . . . . . . 102
6.1 Hardware Development . . . . . . . . . . . . . . . . . . . . . . . . . . . . 102
6.1.1 System Design and Installation . . . . . . . . . . . . . . . . . . . . 102
x
6.1.2 System Fabrication . . . . . . . . . . . . . . . . . . . . . . . . . . 104
6.2 Kinematic analysis . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 105
6.2.1 Inverse Kinematics . . . . . . . . . . . . . . . . . . . . . . . . . . 105
6.2.2 Motion Planning . . . . . . . . . . . . . . . . . . . . . . . . . . . 106
6.2.3 Configuration Optimization . . . . . . . . . . . . . . . . . . . . . . 108
6.2.4 Workspace Simulation . . . . . . . . . . . . . . . . . . . . . . . . 110
6.3 Experiment and Demonstration . . . . . . . . . . . . . . . . . . . . . . . . 112
6.3.1 2D Positioning Accuracy . . . . . . . . . . . . . . . . . . . . . . . 112
6.3.2 3D Positioning Accuracy . . . . . . . . . . . . . . . . . . . . . . . 114
6.3.3 System Demonstration . . . . . . . . . . . . . . . . . . . . . . . . 116
6.4 Discussion and Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . 117
Chapter 7: Image-Guided Studies . . . . . . . . . . . . . . . . . . . . . . . . . . 118
7.1 In Vitro Robot Evaluation . . . . . . . . . . . . . . . . . . . . . . . . . . . 118
7.1.1 MR Imaging-Guided Tests . . . . . . . . . . . . . . . . . . . . . . 118
7.1.2 CT Imaging-Guided Manipulation . . . . . . . . . . . . . . . . . . 120
7.2 Ex Vivo Robot Evaluation . . . . . . . . . . . . . . . . . . . . . . . . . . . 122
7.2.1 Human Cadaver Head Preparation . . . . . . . . . . . . . . . . . . 122
7.2.2 CT Imaging-Guided Manipulation . . . . . . . . . . . . . . . . . . 123
7.2.3 MR Imaging-Guided Manipulation . . . . . . . . . . . . . . . . . . 125
7.3 Discussion and Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . 128
Chapter 8: Conclusions and Future Work . . . . . . . . . . . . . . . . . . . . . . 130
8.1 Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 130
xi
8.2 Future Work . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 131
Appendix A: Headframe Registration in Chapter 6 . . . . . . . . . . . . . . . . 134
Appendix B: Use of Copyrighted Materials and Permissions . . . . . . . . . . . 136
Bibliography . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 137
Vita . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 154
xii
LIST OF TABLES
2.1 Geometric properties of customized SMA torsion springs . . . . . . . . . . 20
2.2 Status sequence of SMA torsion springs . . . . . . . . . . . . . . . . . . . 24
2.3 Characterization tests for SMA torsion springs . . . . . . . . . . . . . . . . 30
2.4 Results of SMA torsion spring characterization . . . . . . . . . . . . . . . 31
3.1 Properties of SMA wire and nichrome wire . . . . . . . . . . . . . . . . . 56
4.1 Experimental results of sensor evaluation . . . . . . . . . . . . . . . . . . . 81
4.2 Comparison between 3-set sensor and 4-set sensor . . . . . . . . . . . . . . 83
5.1 Mechanical properties of FBG bending sensor . . . . . . . . . . . . . . . . 94
5.2 Results of model fitting and measurement error . . . . . . . . . . . . . . . 100
6.1 Positioning error for entry points . . . . . . . . . . . . . . . . . . . . . . . 113
6.2 Positioning error for target points . . . . . . . . . . . . . . . . . . . . . . . 115
xiii
LIST OF FIGURES
2.1 Working principle of the SMA torsion module: (a) SMA A and SMA B
are pre-tightened by one turn (initial configuration), (b) SMA A is in the
recovered configuration (heated) and SMA B is unheated, and (c) SMA A
is unheated and SMA B is in the recovered configuration (heated). The red
arrows indicate the motion direction of the torsion disk. . . . . . . . . . . . 14
2.2 Motion process of the SMA torsion module under alternate Joule heating
and natural cooling of SMA torsion springs. Status (0) denotes the initial
configurations of pre-tightened SMA A and SMA B. Status (1) to status (4)
denotes the change of spring configurations when SMA A and SMA B are
alternately heated and cooled. . . . . . . . . . . . . . . . . . . . . . . . . . 15
2.3 Mechanical design of the SMA torsion module: (a) first generation, (b)
second generation, and (c) third generation. . . . . . . . . . . . . . . . . . 16
2.4 SMA torsion module prototypes: (a) first generation, (b) second generation,
and (c) third generation. . . . . . . . . . . . . . . . . . . . . . . . . . . . . 17
2.5 Development of the NICHE robot: (a) design of the NICHE robot, (b)
NICHE robot with the second-generation torsion module, and (c) NICHE
robot with the third-generation torsion module. . . . . . . . . . . . . . . . 18
2.6 Simulation of the workspace of the NICHE robot considering the motion
of the SMA bending tip and SMA torsion module. . . . . . . . . . . . . . . 19
2.7 Customized SMA torsion spring: (a) thermal training setup and (b) geo-
metric schematic. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 20
2.8 Torque output of SMA torsion springs versus deformation angle when the
spring angle at S2 is smaller (a) or larger (b) than βcr. The ideal change
denotes the torque of the heated spring without the friction torque, while
the upper and lower solid lines incorporate the friction when it is equal
to τ c and −τ c, respectively. [A,M] means that both the austenite phase and
martensite phase exist and [M] means that SMA is entirely in the martensite
phase. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 23
xiv
2.9 Torque output of SMA torsion springs versus deformation angle for full-
range motion and three cases of pre-deformation and the same number of
spring turns. The definitions of ideal change, solid and dash lines, [A,M],
and [M] are the same as Figure 2.8. [A] means that SMA is entirely in the
austenite phase. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 26
2.10 Simulation results: (a) full motion range against pre-deformation and fric-
tion torque, (b) optimal pre-deformation against spring turns and friction
torque, and (c) full motion range against spring turns and friction torque
when the pre-deformation is optimal. . . . . . . . . . . . . . . . . . . . . . 28
2.11 Experimental setup for the SMA torsion spring characterization. . . . . . . 30
2.12 Rotation angle of the SMA torsion spring against temperature during the
heating process compared to model predictions. RMSE is 9.5752◦ for
Liang-Rogers model (As=36◦C,Af=54◦C) and 14.8436◦ for Tanaka’s model
(As=42◦C,Af=60◦C). R2=0.9771 (-118◦, Liang-Rogers), R2=0.9860 (-138◦,
Liang-Rogers), R2=0.9454 (-118◦, Tanaka), and R2=0.9653 (-138◦, Tanaka). 31
2.13 Force measurement versus rotation angle of the SMA torsion spring in the
small-angle motion range at room temperature. RMSE is 0.0105 N. R2
value is 0.8475 and 0.7421 for the 1st and the 2nd experiment, respectively. . 32
2.14 Force measurement versus rotation angle of the SMA torsion spring in the
large-angle motion range at room temperature. RMSE is 0.0113 N. R2
value is 0.6357 and 0.7532 for the 1st and 2nd experiment, respectively, in
the range of -400◦ to -300◦. . . . . . . . . . . . . . . . . . . . . . . . . . . 33
2.15 Block force measurement versus temperature of the SMA torsion spring:
(a) SMA torsion spring is heated (RMSE is 0.0227 N and R2 value is
0.9392) and (b) SMA torsion spring is naturally cooled after heating (RMSE
is 0.0125 N and R2 value is 0.9850). . . . . . . . . . . . . . . . . . . . . . 33
2.16 Experimental setup for characterizing the friction torque. . . . . . . . . . . 34
2.17 Snapshots of the torsion module moving clockwise as the arrow indicates
when SMA A is heated. . . . . . . . . . . . . . . . . . . . . . . . . . . . . 36
2.18 Rotation of the torsion module in one cycle. . . . . . . . . . . . . . . . . . 36
2.19 Temperature of the SMA torsion springs in one cycle. . . . . . . . . . . . . 37
2.20 Rotation angle of the torsion module versus the temperature of SMA A
when SMA A is heated and then naturally cooled (RMSE is 16.7588◦ and
R2 value is 0.9867). . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 37
xv
2.21 Block diagram of the double-channel cascade PI controller. . . . . . . . . . 38
2.22 Experimental results: (a) Sinusoidal tracking at 0.017 Hz frequency (RMSE
is 1.67◦), (b) Sinusoidal tracking at 0.025 Hz frequency (RMSE is 2.05◦),
(c) Sinusoidal tracking at 0.050 Hz frequency (RMSE is 3.60◦), (d) step in-
put response with the time step of 30s and step size of 20◦ (upper) and time
step of 30s and step size of 10◦ (lower), (e) Quasi-static tracking with both
feed-forward and feedback compensation from 0s to 300s (RMSE is 1.86◦)
and only feedback compensation from 300s to 600s (RMSE is 2.24◦), and
(f) Quasi-static tracking with only feed-forward compensation applied from
0s to 300s (RMSE is 8.19◦) and only feedback compensation applied from
300s to 600s (RMSE is 2.58◦). . . . . . . . . . . . . . . . . . . . . . . . . 40
2.23 Experimental setup for the gelatin evacuation demonstration: (a) NICHE
robot connected to a suction device and a electrosurgery generator and (b)
gelatin evacuated from the slab and transferred into the cup. . . . . . . . . . 42
2.24 Snapshots of the gelatin evacuation demonstration with (a) and (b) showing
the deflection of the bending tip and (b)→(i) showing the articulation of the
end effector. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 42
3.1 Robotic cardiac catheter consisting of a flexible stem and a steerable tip. . . 45
3.2 Design of the robotic catheter: (a) steerable tip comprised of multiple SMA
bending modules, (b) assembly of two bending modules with orthogonal
bending directions, (c) assembly of two bending modules via a positive
adapter, (d) assembly of two bending modules via a negative adapter, and
(e) nichrome coils routed around an SMA wire of the bending module. The
red arrows show bending directions and the blue arrows show assembly
directions. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 47
3.3 Fabrication of the SMA bending module: (a) fixing an SMA wire onto the
jigs followed by routing a nichrome wire, (b) assembling two SMA wires
to a module link, and (c) connecting the module link with SMA wires to
another link. The blue arrows indicate assembly directions. . . . . . . . . . 48
3.4 Photos showing the fabrication of the SMA bending module: (a) nichrome
wire routed around the SMA wire, (b) two SMA wires assembled with one
module link, (c) assembling another module link, and (d) prototype of the
SMA bending module. . . . . . . . . . . . . . . . . . . . . . . . . . . . . 49
3.5 Fatigue tests of the SMA bending module: (a) experimental setup, (b) mi-
croscopic view before actuation, and (c) microscopic view before actuation
after 200 cycles. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 51
xvi
3.6 Experimental results of fatigue tests: (a) maximum bending angles versus
bending cycles and (b) twist angles of the SMA bending module versus
bending angles. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 52
3.7 Comparison between Joule heating actuation and conductive heating actu-
ation: (a) experimental setup to measure the block force, (b) block force
under Joule heating actuation, and (c) block force under conductive heating
actuation. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 54
3.8 Comparison between Joule heating actuation and conductive heating actu-
ation in terms of heating response (a) and natural cooling response (b). . . . 55
3.9 Angular recovery percentage of the SMA wire versus electric current ap-
plied to the nichrome coils. RMSE and R2 value of the experimental results
with respect to the model prediction are 0.0704 and 0.9775, respectively. . 56
3.10 Manipulation of the steerable robotic catheter inside the right atrium: (a)
catheter inserted through the inferior vena cava and viewed from the su-
perior vena cava, (b) straight steerable tip before actuation, (c) tip moving
upward, (d) tip moving downward, (e) tip moving leftward, and (f) tip mov-
ing rightward. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 57
4.1 Design of the first-generation fiberoptic rotation sensor: (a) fiberoptic ro-
tation sensor to be integrated with the SMA torsion module, (b) fiberoptic
rotation sensor consisting of an optical fiber set, a rotary head, and a shaft,
and (c) two designs of the rotary head with different reflective surface pro-
files. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 60
4.2 Fiberoptic rotation sensor prototype: (a) SMA torsion module integrated
with a fiberoptic rotation sensor, (b) type I rotary head made of aluminum,
and (c) type II rotary head made of brass. . . . . . . . . . . . . . . . . . . . 61
4.3 Design of the second-generation fiberoptic rotation sensor: (a) exploded
view of NICHE robot assembly and (b) exploded view of the fiberoptic
rotation sensor with the subset showing the assembly of the rotor, shaft,
and bearing. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 62
4.4 Fabrication of the reflective sensor rotor: (a) 3D-printed rotor with a brass
micro mirror, (b) microscopic view of the brass micro mirror, (c) bonding
brass disks onto a glass wafer before polishing, and (d) polishing brass
disks using a wafer polisher. . . . . . . . . . . . . . . . . . . . . . . . . . 63
xvii
4.5 Geometrical optics for the reflective rotor: (a) optical fibers transmitting a
light beam towards the type I rotary head, (b) optical fibers transmitting a
light beam towards the type II rotary head, and (c) light beam towards the
reflecting point, D, on the type I rotary head in xs-zs plane. . . . . . . . . . 64
4.6 Modulation of the light intensity received by the optical fibers for the first-
generation sensor. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 66
4.7 Working principle of the second-generation sensor: (a) three optical fiber
sets pointing to the reflective sensor rotor, (b) four optical fiber sets pointing
to the reflective sensor rotor, (c) one optical fiber set transmitting light to the
sensor rotor in the xs-zs plane, and (d) light beam transmitted and received
by two different optical fiber sets in the second-generation sensor. . . . . . 68
4.8 Simulation results of sensitivity: (a) normalized sensitivity versus rotation
angle for different fiber sets and (b) normalized sensitivity versus number
of fiber sets. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 70
4.9 Experimental setup for comparing the working performance of different
designs and verifying the developed model for the first-generation sensor. . 71
4.10 Experimental results for different designs of the first-generation sensor: (a)
comparing two type I rotary heads made of brass and aluminum, (b) com-
paring two different off-the-shelf optical fiber sets, (c) comparing a brass
type I rotary head and a brass type II rotary head. . . . . . . . . . . . . . . 72
4.11 Normalized experimental results when the shaft of the first-generation sen-
sor is rotated by 360◦: (a) RMSE is 0.04 and R2 value is 0.98 for the brass
type I rotary head and (b) RMSE is 0.17 and R2 value is 0.54 for the brass
type II rotary head. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 73
4.12 Calibration of the first-generation sensor: (a) rotation angle versus sensor
output (R2 values for the linear fitting 1, 2, and 3 are 0.98, 0.88, and 0.55, re-
spectively) and (b) comparing the measurements of the rotary encoder and
the developed fiberoptic rotation sensor (RMSEs are 2.27◦, 2.06◦, 4.36◦,
and 5.99◦ for the tests when (As, Ts) is equal to (120◦, 120 s), (120◦, 60 s),
(120◦, 30 s), and (240◦, 120 s), respectively). . . . . . . . . . . . . . . . . . 74
4.13 Experimental setup for calibrating the second-generation fiberoptic rotation
sensor. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 75
xviii
4.14 Calibration of the second-generation sensor: (a) voltage output of three
fiber sets (A, B, and C) versus rotation angle when the sensor shaft rotates
from 0◦ to 360◦ and then to 0◦ for eight cycles, (b) 3D space formed by
the voltage output of the three fiber sets with showing negligible hysteresis,
and (c) normalized average voltage output of the three fiber sets. . . . . . . 76
4.15 Calibration of the third-generation sensor: (a) voltage output of the three-
set sensor, (b) normalized output of the three-set sensor, (c) voltage output
of the four-set sensor, and (d) normalized output of the four-set sensor. . . . 77
4.16 Measurement error analysis for the second-generation sensor: (a,b) error
histograms of the measurements based on the average, normalized cali-
bration results for (a) positive rotation and (b) negative rotation, and (c)
average measurement error and system sensitivity versus rotation angle. . . 79
4.17 Evaluation tests for the second-generation sensor: (a) Aθ = 180◦ and Tθ =
20 s, (b) Aθ = 180◦ and Tθ = 40 s, (c) Aθ = 360◦ and Tθ = 40 s, (d)
Aθ = 360
◦ and Tθ = 80 s, (e) Aθ = 540◦ and Tθ = 60 s, and (f) Aθ = 540◦
and Tθ = 120 s. The rotation angles are relative to the initial position. . . . 80
4.18 Measurement error analysis for the third-generation sensor: (a,c) average
measurement error and sensitivity versus rotation angle for three-set sensor
(a) and four-set sensor (c), and (b,d) error histograms for three-set sensor
(b) and four-set sensor (d). . . . . . . . . . . . . . . . . . . . . . . . . . . 81
4.19 Evaluation tests for the second-generation sensor: (a) Tθ = 80 s, (b) Tθ =
60 s, (c) Tθ = 40 s, and (d) measurement error comparison. . . . . . . . . . 82
4.20 Feedback control of the SMA torsion module integrated with the first-
generation sensor: (a) experimental setup and (b) comparing the actual
rotation angles with stepwise references. . . . . . . . . . . . . . . . . . . . 83
4.21 Feedback control of the tip articulation of the NICHE robot integrated with
the first-generation sensor: (a-b) initial (a) and final (b) robot configuration
for a 120◦ step input to the SMA torsion module, (c) measurements of the
fiberoptic rotation sensor for the step input, and (d) measurements of the
fiberoptic rotation sensor for the linear position references. . . . . . . . . . 84
4.22 Feedback control of the tip articulation of the NICHE robot integrated with
the third-generation sensor: (a) experimental setup, (b) robot at the initial
configuration, (c) robot at the final configuration, (d) position of the vision
marker in the x-y plane during robot tip articulation, and (e) measurements
by the third-generation fiberoptic rotation sensor. . . . . . . . . . . . . . . 85
xix
5.1 System design and fabrication: (a) SMA bending module integrated with
the FBG bending sensor, (b) design of the FBG bending sensor, and (c)
fabrication of the FBG bending sensor. . . . . . . . . . . . . . . . . . . . . 88
5.2 System prototypes: (a) superelastic Nitinol strip, (b) FBG bending sensor,
(c) zoom-in sagittal view of the sensor, and (d) SMA bending module inte-
grated with the sensor. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 89
5.3 Analytical model of the FBG bending sensor: (a) cross-section view and
(b) sagittal view. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 92
5.4 Simulation results: (a) sensitivity versus adhesive shear modulus, Ga, (b)
sensitivity versus adhesive thickness, ts, (c) sensitivity versus coating thick-
ness, rc− rf , (d) strain at the upper and lower edges of the upper and lower
fibers versus curvature for current design, (e) maximum strain in the fibers
versus adhesive shear modulus at the curvature of 100 m−1, and (f) maxi-
mum strain in the fibers versus adhesive thickness at the curvature of 100
m−1. Ratio is the sensitivity of case I to case II. The red dot indicates the
current design. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 95
5.5 Experimental model evaluation: (a) bending sensor constrained in a curved
slot on a model and (b) comparison between the experimental results with
model predictions. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 97
5.6 Analysis of temperature influence: (a) wavelength shift with temperature
change and (b) temperature measurements of the two grating segments. . . . 97
5.7 Experimental setup: (a) photo showing vision markers attached to the SMA
bending module and (b) schematic showing the placement of RTD sensors. . 98
5.8 Motion range of the SMA bending module versus motion cycles (sensor is
removed after the 21st cycle). . . . . . . . . . . . . . . . . . . . . . . . . . 98
5.9 Calibration results of the FBG bending sensor integrated with the SMA
bending module: (a) electric current increased from 0 to 38 mA, (b) elec-
tric current increased from 0 to 30 mA (hysteresis loop (a) denotes the
hysteresis loop in figure (a)), (c) experimental results of 100 cycles with
the Prandtl-Ishlinskii hysteresis model. . . . . . . . . . . . . . . . . . . . . 100
6.1 Robotic headframe prototype: (a) headframe mounted on a human skull
model, (b) snap-fit mechanism, to attach the NICHE robot to the rack, (c)
NICHE robot attached to the rack, (d) vision markers placed around the
base plate of the headframe, and (e) rack actuated by a DC motor via a pinion.103
xx
6.2 Installation of the skull-mounted headframe including: (a) fixing the pedestal
using bone anchoring screws, (b) installing the Stewart platform on the
pedestal, (c) attaching the NICHE robot to the rack, and (d) installing the
linear actuation module interfaced with the NICHE robot onto the Stewart
platform. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 103
6.3 Definitions of coordinate frames: (a) coordinate frames for the Stewart plat-
form and (b) Tait-Bryan rotation convection for the linear actuation module. 105
6.4 Kinematic relationship among the NICHE robot, entry point, and target point.107
6.5 Workspace of the headframe when the entry point is fixed at [0, 0,−28]T :
(a) 3D view and (b) top view. (c) Maximum tilt angle in the xb-axis when
the lower bound varies between [110 mm, 150 mm] for different {rb, rj}.
(1:{45,40},2:{45,30},3:{45,35},4:{40,35},5:{50,35}). (d) Maximum tilt
angle along the xb-axis versus rb and ru. . . . . . . . . . . . . . . . . . . . 110
6.6 Maximum tilt angle in the positive and negative directions along xb- and yb-
axis versus the entry point position: (a) entry point shifts along the xb-axis
and (b) entry point shifts along the yb-axis. . . . . . . . . . . . . . . . . . . 111
6.7 Experimental evaluation of 2D positioning accuracy: (a) a slender rod with
a conical tip manipulated by the headframe and (b) indentation on the grip
paper with red dots showing the planned entry points. . . . . . . . . . . . . 112
6.8 Experimental setup for evaluating 3D positioning accuracy: (a) headframe
manipulating a slender rod with a vision marker on the tip and (b) all vision
markers detected by the stereoscopic camera. . . . . . . . . . . . . . . . . 114
6.9 Registration of the base plate of the headframe and tip of the rod by detect-
ing all the vision markers using the stereoscopic camera: (a) isometric view
and (b) top view. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 115
6.10 Proof-of-concept demonstration: (a) robotic headframe interfaced with the
NICHE robot mounted on a container filled with gelatin phantom, (b) NICHE
robot steered by the robotic headframe towards the entry hole, (c) NICHE
robot inserted into the simulated hemorrhage (red gelatin core), (d) dis-
tal bending tip of the NICHE robot actuated and deflected, and (e) tor-
sion module of the NICHE robot actuated and the end effector articulating
within the gelatin phantom. . . . . . . . . . . . . . . . . . . . . . . . . . . 116
xxi
7.1 MRI-compatibility evaluation: (a) experimental setup with the SMA-actuated
catheter tip inside a water container and (b) SNR values of MR images ac-
quired before actuation (baseline), when the tip moves upward and down-
ward, and after actuation (baseline again). . . . . . . . . . . . . . . . . . . 119
7.2 Manipulation of the SMA-actuated catheter tip under MR imaging guid-
ance: (a) before Joule heating actuation, (b) during Joule heating actuation,
(c) before conductive heating actuation before actuation, (d) tip moving up-
ward under conductive heating actuation, (d) tip moving downward under
conductive heating actuation, and (f) after conductive heating actuation. . . 119
7.3 Experimental setup for CT imaging-guided tests on phantom models: (a)
NICHE robot within the cantaloupe and (b) shaded surface display of the
NICHE robot in a gelatin slab. . . . . . . . . . . . . . . . . . . . . . . . . 120
7.4 CT imaging of the tip articulation of the NICHE robot within the cantaloupe
by actuating the SMA torsion module. . . . . . . . . . . . . . . . . . . . . 121
7.5 Screenshots of the multi-planar display capabilities of cone-beam CT and
I-Guide reconstructions during the NICHE robot manipulation within the
cantaloupe. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 121
7.6 Preparation of the ex vivo studies on a human cadaver head: (a) removing
scalp, (b) drilling a burr hole on the skull, (c) drilling screw holes using a
mold, (d) mounting the pedestal onto the skull, (e) installing the headframe
onto the pedestal, and (f) inserting the NICHE robot and fixing its position
using brass screws. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 122
7.7 Experimental setup for CT imaging-guided tests on a human cadaver head:
(a) overall view and (b) close-up view. . . . . . . . . . . . . . . . . . . . . 123
7.8 CT imaging-guided manipulation of the NICHE robot in the human cadaver
brain: (a) cone-beam CT imaging showing artifacts, (b) beginning of tip
deflection, (c) end of tip deflection, (d) beginning of tip articulation, (e)
during tip articulation, and (f) end of tip articulation. . . . . . . . . . . . . 124
7.9 Experimental setup for MR imaging-guided tests on a human cadaver head:
(a) overall view and (b) close-up view. . . . . . . . . . . . . . . . . . . . . 125
7.10 Dynamic MR imaging of the NICHE robot in the coronal plane: (a) human
cadaver head without the NICHE robot, (b) NICHE robot in the brain be-
fore tip deflection, (c) bending tip of the NICHE robot deflecting towards
the left, and (d) bending tip of the NICHE robot deflecting towards the
right. The red rectangle shows the ROI for calculating SNR values. . . . . . 126
xxii
7.11 Dynamic MR imaging of the NICHE robot in the transverse plane: (a) hu-
man cadaver head without the NICHE robot, (b) NICHE robot in the brain
before tip articulation, (c) robot tip articulating clockwise by actuating the
SMA torsion module, and (d) robot tip at a stable position. The red rectan-
gle shows the ROI for calculating SNR values. . . . . . . . . . . . . . . . . 127
7.12 Change of SNRs value for dynamic MR imaging: (a) SMA bending tip
actuated and (b) SMA torsion module actuated. The baseline denotes the
SNR values when the human cadaver head was placed inside the bore of





DEA Dielectric Elastomer Actuator.
DoF Degree of Freedom.
EDM Electric Discharge Machining.
EM Electromagnetic Tracking.
FBG Fiber Bragg Grating.
ICH Intracerebral Hemorrhage.
IPMC Ionic Polymer-metal Composite.
LA Left Atrium.
LED Light-Emitting Diode.
LIM Light Intensity Modulation.
MIS Minimally Invasive Surgery.
MOSFET Metal–Oxide–Semiconductor Field-Effect Transistor.




PWM Pulse Width Modulation.
RF Radiofrequency.
RMSE Root-Mean-Squared Error.
ROI Region of Interest.
RTD Resistance Temperature Detector.
SMA Shape Memory Alloy.








This dissertation presents the development of meso-scale surgical robotics based on
smart actuation and sensing for minimally invasive surgery (MIS). By replacing conven-
tional straight tools by steerable surgical robots, surgical outcomes can potentially be im-
proved due to more precise, stable, and flexible manipulation. Since bending and torsion
are the two fundamental motion forms required by surgical tools to complete general sur-
gical procedures, compact torsion and bending modules, both integrated with intrinsic sen-
sors for motion feedback, have been developed based on shape memory alloy (SMA). By
actuating individual modules at discrete joints, a meso-scale surgical robot can be steered
while avoiding motion coupling and snapping problem suffered by other surgical robotic
techniques.
The SMA torsion module is developed by bonding two pre-tightened, antagonistic
SMA torsion springs with a rotary shaft, and enclosing all components in a housing to pro-
tect the device from external tissue and liquid. By alternately heating an individual SMA
torsion spring while keeping the other at low temperature, bi-directional motion of the tor-
sion module will be initiated by the shape recovery of the SMA springs. To control the
torsion module in a closed-loop manner, a fiberoptic rotation sensor has been developed
based on the light intensity modulation (LIM) mechanism. By modulating the light re-
ceived by optical fibers using a reflective rotor, the rotation of the SMA torsion module can
be measured and precisely controlled. The SMA bending module is developed by bonding
two straightened, antagonistic SMA wires between two rigid links. A bending sensor is
developed for the SMA bending module by bonding two fiber Bragg grating (FBG) fibers
with a superelastic Nitinol substrate using flexible adhesive. By installing the sensor in the
center of the bending module, the deflection of the bending module will induce wavelength
shift of the reflected light inside the FBG fibers. A conductive heating actuation technique
is developed to significantly reduce the electric current required to actuate SMA modules.
xxvi
By routing nichrome coils around each SMA wire of the bending module, the SMA wire
can be energized via conductive heating at the nichrome wire due to the high resistance of
nichrome coils. As a result, the system safety and MRI compatibility are improved.
The developed actuation and sensing techniques have been applied on a robot for neu-
rosurgical intracerebral hemorrhage evacuation (NICHE) and a steerable catheter for atrial
fibrillation (AFib) treatment. The NICHE robot consists of a straight stem, an SMA tor-
sion module, and an SMA bending module as a distal bending tip. By synchronizing the
motion of the stem, the bending module, and the torsion module, the robot is capable
of tip articulation within the brain to remove hemorrhage effectively through suction and
electrocauterization. In addition, a skull-mounted robotic headframe has been developed
based on a Stewart platform to manipulate the NICHE robot. The robotic catheter is devel-
oped by integrating multiple SMA bending modules with flexible braid reinforced tubing.
Polymer 3D-printing is used to fabricate all the structural components due to its relatively
low cost, short fabrication period, and capability of fabricating complicated structures with
high accuracy. The developed surgical robotic systems have been thoroughly evaluated
using phantom or cadaver models under computed tomography (CT) and/or magnetic reso-
nance imaging (MRI) guidance. The imaging-guided experimental studies showed that the
developed robotic systems consisting of smart actuation and sensing were compatible with




As a revolutionary technology related to human health care, surgery has enabled physicians
and patients to fight against many diseases that are difficulty to be cured by medicine. In
2008, nearly 234 million surgical procedures were operated [1]. To improve surgical out-
comes and perform procedures that are conventionally impossible, robot-assisted surgery
has been developed. In 2012, it was estimated that over 400,000 robot-assisted proce-
dures were performed in the United States [2]. How to develop to robotic systems that
can perform various kinds of procedures efficiently, effectively, and safely becomes a ma-
jor concern. Therefore, it is desirable to develop highly flexible and steerable meso-scale
surgical robots.
1.1 Background and Motivation
Minimally invasive surgery (MIS) has become a popular choice for physicians when they
plan interventional treatment for many health-related conditions. Compared with conven-
tional open surgery, MIS usually causes much less trauma to patients, leading to better sur-
gical outcomes and shorter hospital stay. A typical MIS involves inserting one or multiple
endoscopic tools into a patient body through small incisions. However, the manipulation of
endoscopic tools demands high expertise of surgeons due to physiological limitations. To
reduce the tremor of surgeons’ hands and improve manipulation precision, robot-assisted
MIS using robotic manipulators interfaced with endoscopic tools has been developed to
explore the essential precision and stability of robotic manipulators. Nevertheless, most
endoscopic tools for MIS are straight and rigid with limited steerability, resulting in lim-
ited workspace and the difficulty in treating targets out of sight or deformable targets [3].
Therefore, meso-scale surgical robotics with high steerability are of great interest to both
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research and clinical communities to further improve outcomes of robot-assisted MIS.
Despite much effort has been made to develop meso-scale surgical robotics, it is still an
open question to develop highly compact and reliable actuation mechanisms for imaging-
guided meso-scale surgical robots. It is observed that in current MIS for various applica-
tions, torsion and bending are the two fundamental motion capabilities required by inter-
ventional tools. When intra-operative imaging guidance is required, the space restriction
and imaging compatibility requirement will make it more challenging to achieve robotic
bending and torsion motion. Smart materials and structures have shown their potential in
robotic actuation and sensing, but their applications surgical robotics is still at an early
stage due to the challenges in the design, manufacturing, and control of smart actuators
and sensors. It is believed that by pushing the envelope of smart actuation and sensing,
a variety of fundamental techniques can be developed for meso-scale surgical robotic for
various applications.
1.2 Related Works
1.2.1 Brief History of Surgical Robots
The development of robot-assisted MIS was initiated by the applications of industrial robots
on surgical procedures. The first surgical robot was a 6-degree-of-freedom (DoF) PUMA
robot used to manipulate a needle for brain biopsies in 1985 [4]. In 1991, PUMA 200 was
used to manipulate a surgical retractor to remove deep-seated low-grade brain tumors in
six children [5]. Since then, a variety of robotic manipulators have been customized for
surgical procedures to improve safety and realize special functions, some of which have
been marketed and applied in clinic studies. For example, ROBODOC was developed by
Integrated Surgical Systems (Sacramento, CA, USA) for total hip arthroplasty [6]. It is
equipped with a high-speed drill and allows for the optimization of prosthesis size. Since
ROBODOC obtained FDA approval in 2008, it has been used in more than 24,000 pro-
cedures [7]. A breakthrough for surgical robotics came in early 2000s when da Vinci
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Surgical System (Intuitive Surgical Inc., Sunnyvale, CA, USA) obtained FDA approval
for general laparoscopic MIS. This system is teleoperated by surgeons who sit beside re-
mote consoles, observe magnified three-dimensional (3D) images of surgical sites, and
control ergonomically designed master manipulators. By now, it is the most used surgical
robotic system in the world and known for its customizability, high steerability, and high
dexterity. Other examples of surgical robots applied in clinic studies include NeuroMate
(Renishaw, Wotton-under-Edge, UK) and ROSA (Medtech, Montpellier, France) for var-
ious intracranial procedures [8–11], Renaissance (Mazor Robotics Ltd., Caesarea, Israel)
for spinal interventions [12], CyberKnife (Accuray Incorporated, Sunnyvale, CA, USA)
for radiosurgery [13], etc.
Surgical robots may have the following advantages compared with surgeons: (a) surgi-
cal robots possess superior positioning precision and accuracy to perform procedures with
the minimal damage to healthy tissue; (b) surgical robots with multiple degrees-of-freedom
(DoFs) have high steerability to overcome movement limitations imposed on surgeons’
hands. To utilize these two potential advantages, three types of robot-assisted MIS have
been developed so far according to the role played by surgical robotics in surgery, namely
assistive mode, autonomous mode, and teleoperated mode [14]. In the assistive mode, a
surgical robot shares its workspace with a surgeon by providing a support structure for
the surgeon’s upper limbs to reduce tremor and prevent risky movement, or positioning
an endoscopic instrument nearby an incision before the surgeon manually inserts it. Nev-
ertheless, the assistive mode only works for a fully passive tool, such as a cannula or a
needle. To control the micro instruments at the tip of endoscopic tools, such as scissors
and gripers, the autonomous or teleoperated mode is usually employed. In the autonomous
mode, a surgical procedure is performed autonomously by a surgical robot without any in-
terventions by surgeons. In the teleoperated mode, a surgeon remotely operates a master
device while a slave robot follows the trajectory of the master device. As a result, surgical
procedures can gain benefits of tremor filtration and motion scaling from this mode. Since
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the teleoperated mode maintains surgeons’ control of surgical procedures while taking full
advantage of robotic manipulation, it is usually the optimal choice for surgeons currently
and will remain so in the near future.
1.2.2 Meso-Scale Surgical Robotics
Intracranial neurosurgery, namely surgery on the human brain, is one of the MIS disciplines
that tremendously demand meso-scale surgical robotics due to the delicacy, complexity, and
deformability of brain structures. To avoid delicate, complex critical brain structures, in-
sertion path planning has to be performed meticulously based on pre-operative imaging for
conventional straight tools, and sometimes solutions may not exist. To treat targets of a rel-
atively large volume and irregular geometry, repetition of insertion and retraction may be
involved for straight tools, which will probably cause significant trauma to healthy tissue.
Therefore, meso-scale surgical robots with multiple DoFs can potentially enhance neuro-
surgical outcomes by precisely reaching targets and maintaining configurations stability.
Another MIS discipline that has attracted much research focus is transcatheter cardiotho-
racic surgery, which may be an option for patients who are unqualified for conventional
open surgery. However, since the respiratory system and cardiovascular system contain
many bifurcations and sharp turns, it is challenging to perform cardiothoracic surgery us-
ing a passive guidewire and/or catheter. Therefore, a meso-scale robot, namely a robotic
catheter, can potentially improve the surgeons’ capability in reaching challenging surgical
cardiothoracic cites.
The body of a meso-scale surgical robot can be a continuum structure, such as a spring
backbone [15], a wire backbone [16], or a flexible tube, or an articulated structure con-
sisting hinged rigid links [17]. According to their working principles, meso-scale surgical
robots can be classified into several major categories, including tendon-driven robots [15–
17], concentric-tube robots [18–20], magnetically actuated catheters [21], bevel-tipped nee-
dles [22], and smart material actuated robots [23, 24]. A tendon-driven robot is actuated
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by pulling the tendons connected to the robot body. For example, a tendon-driven robot
consisting of a spring backbone was developed by Kim et al. for brain tumor removal [25].
A concentric-tube robot is formed by multiple concentric pre-curved tubes, so that the
robot tip can be manipulated by rotating, inserting, and retracting the tubes. For example,
a concentric-tube robot was developed for intracerebral hemorrhage evacuation [26, 27]
and a motion planning algorithm was proposed for lung surgery using a concentric-tube
robot [28,29]. A bevel-tipped needle is deflected by the reactive force applied on the bevel
tip by soft tissue, so that the motion trajectory is controlled by rotating the needle dur-
ing insertion [22]. However, the deflection is limited by the small reactive force, and it
is challenging to control the needle in nonhomogeneous tissue [30]. A magnetically ac-
tuated catheter is steered by the force generated at discrete joints in the magnetic field,
such as inside a magnetic resonance imaging (MRI) scanner bore [21]. For smart material
actuated surgical robots, SMA is the most widely used smart actuation technique for sur-
gical robotics, and more details will be discussed in the following subsection. Compared
with other working principles, SMA can avoid joint coupling and snapping issues suffered
by tendon-driven robots and concentric-tube robots, respectively [25, 31]. So far, several
robotic catheters for cardiothoracic surgery have obtained FBA approval and introduced
to the market. For example, a robotic magnetic navigation system was developed to ma-
nipulate a catheter via two permanent magnets to perform ablation for atrial fibrillation
treatment (Stereotaxis, St. Louis, MO, USA), and Monarch Platform (Auris Health Inc.,
Redwood City, CA, USA) and Ion endoluminal system (Intuitive Surgical Inc., Sunnyvale,
CA, USA) were intended for the diagnosis and treatment of lung cancer through natural
openings.
In a typical MIS, imaging modalities such as computed tomography (CT), fluoroscopy,
MRI, and ultrasound are usually used to obtain pre-operative or intra-operative images to
provide visualization of surgical targets. For soft-tissue structures, such as brain and vas-
culatures, MRI and CT show their superiority in providing high-contrast 3D imaging. To
5
register surgical instruments and detect target deformation and shift in real time, intra-
operative imaging guidance is desired by many procedures; however, it is challenging to
obtain continuous, intra-operative CT and MR imaging due to safety concern and space
limitation. Intra-operative CT imaging is usually acquired discontinuously to allow sur-
geons to manipulate surgical instruments during imaging intervals and to avoid excessive
radiation exposure to patients, surgeons, and nurses. To address the safety concern caused
by radiation exposure, MRI is an alternative solution. However, since MR imaging usually
takes place in the confined bore of an MRI scanner in an isolated suite, surgeons’ access to
patients is prohibited during MR imaging. To overcome these challenge, meso-scale sur-
gical robots compatible with imaging modalities have been developed to perform imaging-
guided procedures with the remote control outside the MRI suite [17, 18, 24, 25, 32, 33].
To develop a compatible robotic system, the system safety in the magnetic field should
be ensured (namely MRI safety) and the influence to imaging quality should be minimal
(namely MRI compatibility). In the literature, ultrasonic piezoelectric motors and SMA
are the three most used MRI-safe actuators. For example, piezoelectric motors were used
to actuate MRI-compatible concentric-tube robots [18, 32], ultrasonic motors and SMA
spring actuators were used in a spring-based tendon-driven robot [25, 33], and SMA wires
and springs were used to actuate articulated meso-scale neurosurgical robots [17, 24]. To
minimize the influence of the electromagnetic field generated by these actuators, they are
usually placed remotely by using tendon-driven transmissions [17, 33].
1.2.3 Smart Material Actuation
Smart materials, including piezoelectric material, dielectric elastomer actuator (DEA), ionic
polymer-metal composite (IPMC), shape memory polymer (SMP), SMA, soft fluidic actu-
ator, etc., have been investigated extensively for a variety of robotic applications [34], such
as piezoelectrically actuated Harvard RoboBee [35], DEA-actuated legged robots [36, 37],
IPMC-actuated fish robots [38], etc. Among all the smart materials, SMA is one of the
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most promising techniques for surgical robotics due to its appropriate properties for meso-
scale robotic actuation, including high stress, compactness, low cost, etc. SMA is a type of
alloys that can memorize particular shapes. Once above a critical transformation temper-
ature, SMA can recover the memorized shape due to microscopic crystal lattice transfor-
mation from martensite phase to austenite phase, which is known as shape memory effect
(SME) [39]. To memorize a particular shape, as-drawn SMA has to go through a series
of typical training procedures, including fixing SMA at a desired shape, thermal treatment
using an oven [40] or laser energy [41], and annealing. Via the choices of heating and an-
nealing conditions, critical SMA properties, such as Young’s modulus and transformation
temperatures, can thereby be adjusted [42]. Via reheat treatment, two-way SMA can be
manufactured to memorize two different shapes at high and low temperatures, respectively,
but their small recoverable strain and short fatigue life have prohibited them from being
used in robotic applications [43, 44]. As a result, bi-directional SMA actuators are usually
formed by a pair of antagonistic SMA elements or a combination of an SMA element and a
bias element, such as a spring [45] or a flexible body structure [46]. Although several kinds
of SMA exist, nickel-titanium (NiTi) alloys, also known as Nitinol, is the most popular op-
tion for surgical robotic applications, due to its relatively low transformation temperature,
large recoverable strain, high stress, and MRI safety [47].
SMA can be used to realize robotic bending and rotation in a variety of geometric
forms. An as-drawn SMA wire or strip is usually trained to memorize a curved configura-
tion. By clamping an SMA wire inside a flexible rod, a steerable cannula for diagnostic or
therapeutic purposes can be developed [48–50]. To develop a flexible meso-scale surgical
robot, multiple discrete joints are individually actuated by a pair of antagonistic SMA wires
or strips [23, 24, 51]. Due to the capability of generating large linear displacements, SMA
linear springs were used as low-cost linear actuators for tendon-driven robots [17, 25, 52].
By bonding SMA linear springs around the flexible continuum body of a surgical robot,
the robot can be deflected omni-directionally by heating selected SMA springs [53–55].
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Flat meandering springs were fabricated by chemical etching to develop submillimeter
catheters [56, 57]. Several SMA rotary actuators were proposed, but they were inappro-
priate for meso-scale surgical robotics. For example, a torsion actuator was built upon an
SMA rod for the helicopter rotor blade [58]. Several more compact rotary actuators were
developed by winding an SMA wire around a torsion cylinder against a torsion spring [59],
or transmitting the motion and force of SMA wires to a rotary shaft via monolithic flex-
ures [60], but it is intractable to miniaturize these designs. To the best of the author’s
knowledge, the only meso-scale surgical robot equipped with an SMA rotation actuator
is a catheter with a pre-twisted SMA wire embedded in its flexible continuum body [50].
Although Joule heating is a convenient method to energize SMA actuators, it lowers the
MRI-compatibility of SMA actuators due to the magnetic field generated by electric cur-
rent through SMA. To address this issue, optical heating using laser energy through optical
fibers was developed to develop an MRI-compatible SMA-actuated surgical robot [48].
1.2.4 Robotic Shape Sensing
Knowledge of the shape of a meso-scale surgical robot during operation can assist sur-
geons to avoid important structures in anatomical confines, efficiently reach target targets,
and successfully perform procedures with the minimal trauma to patients. Although the
shape of some types of surgical robots, such as tendon-driven robots and concentric-tube
robots, can be estimated via forward kinematics [20, 61], it is challenging to develop pre-
cise kinematic models due to uncertainty in hysteresis, friction, payload, and interaction
with soft tissue and blood [19, 61]. Commercial magnetic, capacitive, or optical encoders
have been extensively used in conventional robotic manipulators, but their applications in
meso-scale systems are intractable due to form factors. In addition, due to onboard elec-
tronics, their functional reliability is low when exposed to strong radiation or magnetic field
generated by imaging modalities. As a result, several innovative techniques have been de-
veloped for the motion feedback of meso-scale surgical robotics, such as fiberoptic sensing,
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electromagnetic tracking (EM), and imaging-based shape reconstruction [62].
The precision of EM tracking may suffer from errors caused by nearby magnetic and
conductive devices used during surgical procedures. When imaging-based shape recon-
struction is applied, it is challenging to precisely estimate the shape of surgical robots.
MR imaging cannot provide real-time information without sacrificing imaging quality for
a continually moving tool due to relatively long imaging time [63]. Fluoroscopic imaging
is either unsuited for continuous, real-time tracking since it exposes patients to ionizing
radiation, and ultrasound imaging usually suffers from low resolution and imaging arti-
facts [64]. Fiberoptic shape sensing is promising to address this challenge owing to its
compact size, immunity from radiation and magnetic field, and real-time implementation.
So far, light intensity modulation (LIM) and fiber Bragg grating (FBG) are the two typical
working principles for robotic fiberoptic sensing. An LIM-based sensor usually works by
measuring the variation of light intensity caused by joint motion. For example, a LIM-
based sensor consisting of an IR emitter and an IR detector was developed to measure the
rotation of a robotic endoscope [52]. An FBG fiber contains discrete grating segments with
varied reflective index so that light of particular wavelength can be reflected. Once the
axial strain or temperature of an FBG fiber changes, the wavelength of reflected light will
be shifted [65].
Previous studies have attempted to use FBG to develop intrinsic shape sensors for sur-
gical tools. For non-robotic tools, three FBG fibers with four grating segments per fiber
were embedded into grooves of a flexible needle for 3D shape estimation [66], and an
MRI-compatible biopsy needle was developed by bonding three FBG fibers inside three
grooves at 120 degree intervals using a low-viscosity biocompatible cyanoacrylate adhe-
sive [67]. A helical wrapping of FBG fibers over a continuum robot was proposed to
measure curvature, force, and torsion based on force-curvature-strain model [68]. To de-
velop a standalone sensing assembly, a polymer tube consisting of surface mounted FBG
fibers was proposed [69]. Araújo et al. fixed two D-shaped FBG sensors together to com-
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pensate for temperature sensitivity of strained FBG during shape estimation [70]. Chen et
al. offset the fiber core from the neutral axis of its coating and reported high sensitivity
of the device [71]. Liu et al. bonded an FBG fiber along two superelastic Nitinol wires
in a triangular configuration and threaded the sensing assembly through a channel along
a continuum manipulator to measure its planar deflection [72]. So far, the largest curva-
ture reported in the literature is about 66.6 m-1, achieved by a sensing assembly consisting
an FBG fiber and two superelastic Nitinol wires encased in a polycarbonate tube [73]. It
is still open question to develop compact and flexible large-curvature bending sensors for
meso-scale surgical robots.
1.3 Research Objectives and Main Contributions
From the discussion of the existing literature, the development of meso-scale surgical
robots is still at an early stage. It is desired to develop fundamental actuation and sens-
ing technologies for imaging-guided meso-scale surgical robots.
In this thesis, SMA is explored to develop various actuation modules for meso-scale
surgical robotics with an innovative actuation technique for improved safety and reliability.
In addition, intrinsic motion sensors have been developed for the proposed SMA actuation
modules, which are applied on a neurosurgical robot and a robotic catheter. As a result, it is
promising to push image-guided meso-scale surgical robotics closer to clinical applications,
bringing benefits to patients requiring interventional treatment. The primary contributions
presented by this thesis are listed as follows:
1) A compact and lightweight SMA torsion module is developed to achieve torsion
motion in surgical procedures. Two pre-tightened SMA torsion springs are bonded with the
disc of a shaft. By heating one SMA spring while keep the other at low temperature, the
energized spring will go through a recovery process towards its memorized configuration,
leading to the rotation of the shaft and tightening of the antagonistic spring. The system
is analytically modeled and the analytic optimal pre-deformation for the maximum motion
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range is investigated. This technology is applied on a robot for neurosurgical intracerebral
hemorrhage evacuation (NICHE) equipped with electrocautery probes and suction tubing.
2) A conductive heating technique is developed for SMA actuation and applied on SMA
bending modules. By wrapping high-resistance nichrome wiring over SMA, the electric
current required by SMA actuation is significantly reduced compared with conventional
direct Joule heating actuation. As a result, the MRI-compatibility, safety, and reliability
of SMA actuators can be improved, enabling more appropriate SMA actuators for surgical
applications. This technology is applied on the SMA bending tip of the NICHE robot, as
well as a robotic catheter consisting of multiple SMA bending modules for the diagnosis
and treatment of atrial fibrillation.
3) A fiberoptic rotation sensor based on the LIM mechanism is developed for the motion
feedback of the SMA torsion module. The sensor is comprised of multiple off-the-shelf op-
tical fibers and a tilted reflector mounted on the sensor shaft. Once the reflector rotates, the
intensity of the light received by optical fibers is modulated by the reflector due to varying
distance, resulting in varying output of a conditioner converting received light intensity to
analog voltage. Different reflector materials and profiles, as well as fabrication methods
are investigated to optimize the sensor performance.
4) An FBG bending sensor is developed to measure large-curvature deflections of the
SMA bending module. A superelastic Nitinol substrate is bonded with an FBG fiber with
a grating segment using flexible adhesive. Once the sensor is deflected, the difference
between surface strains of the substrate and fiber induces shear strain within adhesive,
resulting in axial strain in the fiber and wavelength shift. Due to the small shear modulus
of flexible adhesive, the sensing assembly is flexible and large curvatures can be measured
while ensuring the strain of the fiber below the strain limit.
5) The developed meso-scale robotic systems consisting of smart actuation and sensing
modules are evaluated by performing imaging-guided experiments using ex-vivo and/or in-
vitro models. Various components of the robots can be clearly identified against soft-tissue
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structures in CT and MR images. The experiments show that the developed fiberoptic
rotation sensor is capable of working under CT radiation, and the MRI-compatibility of the
robotic system is improved by using the conductive heating technique.
1.4 Organization of the Thesis
The rest of the thesis is organized as follows. Chapter 2 presents the development of SMA
torsion and bending modules for meso-scale surgical robotics. Chapter 3 details the con-
ductive heating actuation technique for SMA modules. Chapter 4 presents the development
of a fiberoptic rotation sensor for the SMA torsion module. Chapter 5 describes a flexi-
ble, large-curvature FBG bending sensor for the SMA bending module. Chapter 6 details
a skull-mounted parallel robotic headframe for manipulating a meso-scale neurosurgical
robot. Chapter 7 presents several evaluating experiments under intra-operative imaging




Torsion motion is considered as an important motion for the success of many surgical
procedures. For example, intracerebral hemorrhage (ICH) is a common health issue and
affects a significantly large population. It occurs when blood accumulates inside the brain
due to the rupture of blood vessels. As a major cause of stroke [74], less than 40% of
patients survive the first year [75]. To remove an intracerebral blood clot, an open cran-
iotomy may be implemented, but it usually incurs neural damage and recurrent bleeding.
To address these issues, MIS was proposed as an alternative solution [76]. A surgical tool
with an articulating tip will help surgeons effectively remove blood clots with negligible
trauma to healthy tissue. However, it is challenging to realize torsion motion during surgi-
cal procedures, especially when intra-operative imaging modalities are used. Hydraulic and
pneumatic actuators are usually bulky, electromagnetic motors are prohibited in the MRI
environment, and the force output of micro piezoelectric actuators is limited [77–80]. A
concentric-tube robot was been developed for ICH removal by rotating a pre-curved inner
tube inside a straight, stiff outer tube [26, 27]. To develop a compact system, this chapter
will present a methodology to utilize shape memory alloy (SMA) to develop a torsion mod-
ule for a neurosurgical intracerebral hemorrhage evacuation (NICHE) robot. Considering
the localization error of commercial imaging-guided neurosurgical systems (e.g., StealthTM
NavigusTM frameless biopsy solution (Medtronic PLC, Dublin, Ireland) [81]), 1 mm is set
as the target positioning accuracy for the NICHE robot.
The rest of this chapter is organized as follows. Section 2.1 presents the design and
fabrication of the SMA torsion module. Section 2.2 presents the analytic model of the
SMA torsion module. Section 2.3 presents a series of experiments to characterize the
develop model. Section 2.4 presents the development of the NICHE robot and experimental
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evaluation of the torsion module and the robot. Section 2.5 concludes the chapter.
2.1 Design and Fabrication
2.1.1 Working Principle
When an SMA torsion spring is heated, it tends to recover its memorized shape due to its
internal crystal transformation from martensite phase (M) to austenite phase (A). Figure 2.1
shows the working principle of the proposed SMA torsion module. Two SMA torsion
springs (SMA A and SMA B) with the same properties are coaxially fixed at the green
points and connected to a torsion disk at the orange points. In case (a), both springs are
pre-tightened. When SMA A or SMA B partially recovers its memorized configuration
after it is heated, the system status is shown in case (b) or (c), respectively. In case (b) or
(c), when SMA B or SMA A is heated, it will start recovering its memorized configuration,
rotating the torsion disk counter-clockwise or clockwise (top view), and tightening the
other spring. Since the SMA Young’s modulus is large at high temperatures, the immediate
heating of the SMA spring after the heating process of the other one can hardly reverse the









Figure 2.1: Working principle of the SMA torsion module: (a) SMA A and SMA B are pre-
tightened by one turn (initial configuration), (b) SMA A is in the recovered configuration
(heated) and SMA B is unheated, and (c) SMA A is unheated and SMA B is in the recovered
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Attachment to the groundAttachment to the torsion disk
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Figure 2.2: Motion process of the SMA torsion module under alternate Joule heating and
natural cooling of SMA torsion springs. Status (0) denotes the initial configurations of
pre-tightened SMA A and SMA B. Status (1) to status (4) denotes the change of spring
configurations when SMA A and SMA B are alternately heated and cooled.
and natural cooling by ambient atmosphere is used. Figure 2.2 shows the typical motion
of the torsion module by heating and cooling individual SMA springs alternately. In Status
(0), both springs are pre-tightened by half a turn as their initial configurations.
2.1.2 Torsion Module Development
Figure 2.3(a) shows the schematic diagram of the torsion module consisting of a shaft,
which is a metallic screw, two disks fixed at the two ends of the shaft, a torsion disk in the
middle, and two SMA torsion springs fixed between the disks. Three supporting rods are
connected between the torsion disk and an output disk. Two insulating sheaths are threaded
along the shaft to constrain the axial position of the torsion disk and prevent short circuit.
Grease is applied to reduce the friction on the torsion disk. By selecting an appropriate
spring wire diameter and an appropriate coil pitch, the friction torque caused by the contact
between the spring turns can be minimized. After assembly, both springs are pre-tightened
equally. The SMA torsion springs is customized based on a 0.5 mm diameter as-drawn
Nitinol wire (Dynalloy, Inc.) and the fabrication details will be presented in Section 2.1.4.
In their natural configurations, both springs contain five turns with a counter-clockwise
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Figure 2.3: Mechanical design of the SMA torsion module: (a) first generation, (b) second
generation, and (c) third generation.
winding shape. For each spring, the number of deformable turns, N0, is equal to three in
our design, since the first and last turns are fixed on the disks.
Considering that the torsion module for surgical procedures needs to work in the humid
environment, it is necessary to insulate the SMA elements and electrical wiring to ensure
effective Joule heating and to avoid short circuit. To seal the torsion module, an improved
design is proposed, as shown in Figure 2.3(b). All components are enclosed in a 11 mm
diameter and 20 mm long housing with a cover at each end. A shaft with a through hole
is 3D-printed with the torsion disk as a monolithic piece. Two SMA torsion springs are
installed by fixing one end of each spring on the torsion disk and the other end on the
housing cover. Therefore, by applying Joule heating alternately, the torsion disk can be




Figure 2.4: SMA torsion module prototypes: (a) first generation, (b) second generation,
and (c) third generation.
ends to constrain its axial motion. Electrical wires for Joule heating can pass through the
micro holes on the shaft and then through the central hole to the outside. To reduce the
friction torque, the torsion disk with the shaft can be 3D-printed in brass and grease is
filled between the torsion disk and the shell. In the third generation, two micro bearings
are used to support the rotary shaft, as shown in Figure 2.3(c). Thus, the torsion disk/shaft
can be 3D-printed in plastic material and the rotary motion is more smooth than previous
generations. The diameter of the torsion module is further reduced to 7 mm, resulting
in less invasiveness compared than the previous torsion modules when used for surgical
procedures. Figures 2.4(a) to (c) show the SMA torsion modules of these three generations.
2.1.3 NICHE Robot Development
The NICHE robot is primarily comprised of a stiff and straight stem, an SMA torsion mod-
ule, and a distal bending tip. The bending tip is made of a pair of antagonistic SMA wires
that can recover curved configurations at high temperature. Thus, the tip can be deflected
bi-directionally by heating individual SMA wires [23]. By actuating the torsion module
and bending tip simultaneously, articulation of the robot tip can be realized. Figures 2.5(a)

















Figure 2.5: Development of the NICHE robot: (a) design of the NICHE robot, (b) NICHE
robot with the second-generation torsion module, and (c) NICHE robot with the third-
generation torsion module.
generation torsion module. Two proximal bending joints made of antagonistic SMA wires,
similar to the bending tip, are integrated with the NICHE robot to augment its motion capa-
bility. Since the SMA wires are eccentrically placed, the bending joint or bending tip will
be slightly twisted when it is deflected, due to the torque applied by the energized SMA
wire. Therefore, circular disks are threaded through the SMA wires and equally spaced
to enhance the torsional stiffness and thereby minimize the torsion motion of the bending
joint or tip when it is deflected. Silicone rubber tubing is threaded through the bending
tip and bending joints to insulate SMA wires from the environment. Aluminum rods are
installed at the robot tip as electrocautery tips to perform electrocauterization procedures.
Meanwhile, micro tubing runs through the central channel through the robot for irrigation
and suction purposes at the robot tip.
Figure 2.5(c) shows the NICHE robot prototype equipped with the third-generation tor-
sion module. A flexible sleeve is 3D-printed in elastomeric material and threaded through
the bending tip for insulation. All the structural components are 3D-printed in VisiJet R©
CR-CL 200 (3D Systems, Rock Hill, SC, USA) due to high precision, surface smoothness,
and bio-compatibility of this material. VisiJet R© CR-BK can be an alternative 3D-printing
material due to its relatively higher heat distortion temperature than CR-CL 200, but it is
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Figure 2.6: Simulation of the workspace of the NICHE robot considering the motion of the
SMA bending tip and SMA torsion module.
not bio-compatible. Enameled copper wires are soldered to the two ends of each SMA wire
or spring for Joule heating by using the Indalloy R© Flux (Indium Corporation, Clinton, NY,
USA). The workspace of the NICHE robot is simulated based on the forward kinematics
considering the motion of the distal bending tip and the SMA torsion module. As shown
in Figure 2.6, the workspace is able to cover a spherical hemorrhage up to 40 mm in di-
ameter. A patient study showed that most hemorrhages possessed a diameter smaller than
5 cm [82]. Considering that the distal bending tip of the NICHE robot can be customized
in this length, the workspace of the NICHE robot is sufficient for most ICHs.
2.1.4 SMA Training
The training procedure for the SMA torsion spring includes two steps. As shown in Fig-
ure 2.7(a), the first step is shaping the SMA torsion spring by winding a 0.5 mm diameter
as-drawn Nitinol wire around a metallic screw mounted on a steel block. The two ends of
the Nitinol wire are fixed by screws and nuts. A trade-off exists between the force output
and device footprint when selecting the diameter of the Nitinol wire. By using a thinner
Nitinol wire, the torsion module will be more compact, but the force output of the spring
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Table 2.1: Geometric properties of customized SMA torsion springs
Parameter Meaning Value Unit
D0 Initial Mean Diameter 6.8 mm
d Wire Diameter 0.5 mm
Nc0 Initial Coil Number 5 N/A
N0 Initial Active Coil Number 3 N/A
p Coil Pitch 1.3 mm
during shape recovery may not be large enough to overcome external loading. A 5/16”-18
thread size screw is used as the shaping screw to allow sufficient gap between the spring
turns and minimize the friction when the spring tightens up. The geometric properties of
the SMA torsion spring for the torsion module are summarized in Table 2.1.
The second step is the heat treatment of the shaped torsion spring. The SMA wire
wound around the screw on the steel block is kept in an oven at 490◦C for 40 minutes. After
this, this assembly is dipped inside an ice-water mixture for quenching. After the annealing
process, the SMA wire is removed from the steel block and an SMA torsion spring with
one-way shape memory is fabricated. When the SMA torsion spring is deformed and then
heated, it will tend to recover its original shape and output force at its two ends if the two
ends are constrained.
The SMA wire for the bending tip is fabricated in a similar way. A 0.5 mm diameter







Figure 2.7: Customized SMA torsion spring: (a) thermal training setup and (b) geometric
schematic.
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block by screws, followed by heat treatment as described above. As a result, the SMA
wires memorizes a bending angle of 360◦ at the curvature of about 192.31 m−1.
2.2 Torsion Module Modeling
2.2.1 SMA Torsion Spring Model
The axial length of the SMA torsion spring is assumed to be constant under pure torsion.
Thus, the shear strain caused by axial pre-compression is negligible. By considering each
spring turn as a bending wire, the maximum normal strain of a bending spring turn at its
outer and inner edge, ε, is given by:
ε = C1θ (2.1)
whereC1 = d2Ls , and d, Ls, and θ represent the wire diameter, wire length, and torsion angle
of the spring, respectively. For a torsion spring, the maximum normal stress, σ, caused by
external torque, τ , is given by:
σ = C2Kcτ (2.2)
where C2 = 32πd3 and Kc is the stress-concentration factor approximately equal to one. To
model the nonlinear characteristics of the SMA torsion spring, the Liang-Rogers model [83]
is used. By substituting Equations (2.1) and (2.2) into the Liang-Rogers model, the consti-
tutive model for the SMA torsion spring is given by:
C2(τ − τ0) = C1E(θ − θ0)− C1θLE(ξ − ξ0) (2.3)
where E, ξ, and θL represent the SMA Young’s modulus, martensite volume fraction, and
the maximum recoverable torsion angle, respectively. The variables with subscript ‘0’ de-
note their initial states. Thermal expansion is neglected, because the strain change caused
by thermal expansion is much smaller than that caused by phase transformation. By substi-
tuting Equations (2.1) and (2.2) into the expressions for ξ in the Liang-Rogers model [83],
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where T is the spring temperature, As and Af are the start and end temperatures for M→A,
respectively, Ms and Mf are the start and end temperatures for A→M, respectively, and
CA and CM are the coefficients representing the influence of stress on the transformation
temperatures for these two processes, respectively. Using Equations (2.1) and (2.2), the
torsional stiffness of the torsion spring, K, can be expressed as: K = C1E/C2. The
value of E is a combination of Young’s modulus in the entirely martensite phase, EM , and
entirely austenite phase, EA, as a function of ξ, if ε is smaller than a critical strain, εcrs . If




KA + ξ(KM −KA) θ ≤ θcrs








KM = C1EM/C2,KA = C1EA/C2, and KS = C1ES/C2. εcrs is the critical strain that
denotes the start of stress-induced martensite phase.
2.2.2 Torsion Module Static Model
The SMA torsion spring is defined to be deformed positively if it tightens. Thus, the
positive deformation angles for SMA A, θA, and SMA B, θB, are counter-clockwise and
clockwise, respectively (see Figure 2.2). Since the torsion module outputs torque from the
torsion disk, the counter-clockwise rotation of the torsion disk is defined as the positive
motion of the torsion module, θJ . The deformation angles of SMA A and SMA B satisfy
the following angular constraint:
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θA + θB = θP (2.8)
where θP is the summation of the pre-deformation angles of both springs. Since the torque
of each SMA torsion spring points to its recovered configuration, the torque directions of
SMA A and SMA B are always clockwise (negative) and counter-clockwise (positive),
respectively (see Figure 2.2). When the external loading is negligible, and SMA A and
SMA B are balanced during the quasi-static motion of the torsion module, we have the
following torque constraint:
−τA + τB + τ f = 0 (2.9)
where τA and τB are the torque magnitudes of SMA A and SMA B, respectively. τ f is the
friction torque and it is assumed that τ f = −τ csign(θ̇J) when the torsion module rotates,
where τ c is the magnitude of the critical torque for motion initiation. When the torsion
disk is stationary, τ f varies between ±τ c. According to the angular and torque constraints,
two conclusions can be drawn: 1) The angle of the heated spring is equal to the difference
between θP and the angle of the unheated spring; 2) The torque magnitude of the heated
spring is equal to the summation of the torque magnitude of the unheated spring and the













































Figure 2.8: Torque output of SMA torsion springs versus deformation angle when the
spring angle at S2 is smaller (a) or larger (b) than βcr. The ideal change denotes the torque
of the heated spring without the friction torque, while the upper and lower solid lines in-
corporate the friction when it is equal to τ c and −τ c, respectively. [A,M] means that both
the austenite phase and martensite phase exist and [M] means that SMA is entirely in the
martensite phase.
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Table 2.2: Status sequence of SMA torsion springs
Case I 1 2 3 4 5 6 7 ...
SMA A S1 S2 S23 S3 S4 S41 S1 ...
SMA B S3 S4 S41 S1 S2 S23 S3 ...
Case II 1 2 3 4 5 6 7 ...
SMA A S1 S12 S2 S3 S34 S4 S1 ...
SMA B S3 S34 S4 S1 S12 S2 S3 ...
the stiffness model for the SMA torsion spring (see Equation (2.6)). In Table 2.2, each row
shows the motion sequence of an individual SMA torsion spring and each column shows
the simultaneous statuses of both springs.
These two cases in Figure 2.8 are differentiated by whether the angle of the SMA tor-
sion spring at S2 is smaller (case I) or larger (case II) than a critical angle, βcr. In case I,
when the SMA torsion spring is heated from S1 to S2, the antagonistic spring is passively
deformed from S3 to S4. In the cooling process from S2 to S3, the spring is stationary in
the beginning due to the friction torque and starts moving at S23 when the friction torque
magnitude achieves τ c. Meanwhile, the antagonistic spring is stationary from S4 to S41
with a constant torque due to its constant stiffness at room temperature. From S41 to S1,
the deformation of the antagonistic spring is relaxed to some extent. Therefore, the path
inclinations from S1 to S2, S23 to S3, S3 to S4, S41 to S1 are equal to −ES , −EM , ES , and
EM , respectively. In case II, when the spring is heated, it is stationary in the beginning due
to the friction torque and starts moving at S12 when the friction torque magnitude achieves
τ c at S12. Thus, the antagonistic spring is stationary from S3 to S34 and passively deformed
from S34 to S4. When the spring is cooled, it is stationary in the whole cooling process due
to the friction torque from S2 to S3. Meanwhile, the antagonistic spring is stationary from
S4 to S1 and outputs a constant torque. Therefore, the path inclinations from S12 to S2 and
S34 to S4 are equal to −ES and ES , respectively.
A general physical parameter for SMA A or SMA B at Si is denoted by using a su-
perscript of Ai or Bi, respectively. Since both springs have the same properties, SMA A
is used for modeling. In both the heating and cooling processes, the governing equation
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for SMA A is given by Equation (2.3). In the heating process of case II, since SMA A is
stationary until S12 and its martensite volume fraction is one at S1, the governing equation
at S12 is given by:
C2(τ
A12 − τA10 ) = −C1θ
A
LE
A(ξA12 − 1) (2.10)
where τA10 and τA12 are functions of θA1 . By writing Equation (2.10) as a quadratic form,
ξA12 ∈ [0, 1] can be solved unless τ c is too large. Since the friction torque is constant
once SMA A starts moving, τA proportionally changes with θA. Based on the governing
Equation (2.3), θA from S1 to S2 in case I and from S12 to S2 in case II is solved as:
θA = θA0 +
EA
EA + ES
(ξA − ξA0 )θAL (2.11)
where ξA0 is equal to one for the process from S1 to S2 in case I and ξA12 for the process
from S12 to S2 in case II. Since EA is a function of ξA, which can be expressed by TA and
τA using Equation (2.4), and τA is dependent on θA based on Equation (2.6), the nonlinear
relationship between θA and TA can be obtained from Equation (2.11). Although it is
difficult to explicitly express θA as a function of TA, we can numerically solve TA with
the reference of θA by computing the references of ξA and τA using Equations (2.11) and
(2.6), and substituting them into Equation (2.4). In the cooling process of case II, SMA A
is stationary from S2 to S3 , so we have θA = θA2 . In the cooling process of case I, SMA A
is stationary until S23, so the governing equation at S23 is rewritten as:
C2(τ
A23 − τA20 ) = −C1θ
A
LE
A(ξA23 − ξA20 ) (2.12)
where τA20 and τA23 are functions of θA2 , and ξ
A2
0 can be obtained from Equation (2.4) as
the result of the previous heating process. By using the quadratic form of Equation (2.12),
ξA23 ∈ [0, 1] can be solved. After S23, SMA A starts moving with the constant friction
torque. By using a method similar to that for the heating process, θA from S23 to S3 in case
I is solved as:
θA = θA0 +
EA
EA + EM




























































Figure 2.9: Torque output of SMA torsion springs versus deformation angle for full-range
motion and three cases of pre-deformation and the same number of spring turns. The
definitions of ideal change, solid and dash lines, [A,M], and [M] are the same as Figure 2.8.
[A] means that SMA is entirely in the austenite phase.
where ξA0 is equal to ξA23 for the process from S23 to S3 in case I. Based on the reference
of θA, we can numerically compute TA by using Equations (2.4), (2.6), and (2.11). The
critical angle βcr can be computed using the following geometric relationship, as shown in
Figure 2.8, when the deformation angle is equal to βcr:
KMθ
cr








The other two processes for SMA A when SMA B is heated and cooled, which are S3 to
S4 and S4 to S1, respectively, can be modeled based on the angular constraint (see Equa-
tion (2.8)) and the modeling results for SMA B.
2.2.3 Maximum Motion Range
The full motion range of a rotary actuator made of a pair of antagonistic SMA wires is
numerically solved based on the force balance between the actuated SMA wire and the
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load [84]. In this paper, we investigate the optimal pre-deformation of SMA torsion springs
to maximize the full motion range by using an analytic approach based on the derived
model. The maximum motion range is affected by N0, θP , and τ c, and our objective is to
find the optimal θP under certain N0 and τ c. When SMA A (SMA B) is at S2, the angle
of SMA A (SMA B) is the minimum, denoted by θA2min (θ
B2
min), and the angle of SMA B
(SMA A) is the maximum, denoted by θB4max (θ
A4
max). The motion range, Rg, is equal to the
difference between θA2max and θ
A2
min (or θB2max and θ
B2
min) and given by: Rg = θA4max − θ
A2
min. Due
to the angular constraint (see Equation (2.8)) and the identity between SMA A and SMA B, Rg can
be rewritten as:
Rg = θ
P − 2θA2min (2.15)
Based on the derived model, different pre-deformations under certain N0 result in three types of
motion cycles with the full motion range as shown in Figure 2.9. When the deformation angles
of SMA A and SMA B are the minimum and maximum, respectively, the torque balance between
SMA A at S2 and SMA B at S4 is given by:
τA2 = τB4 + τ c (2.16)























P − θA2min − θ
cr




P − θA2min − θ
cr
s ) case B
KM (θ
P − θA2min) case C
(2.18)
where case A: θcr1 ≤ θP < 2θcrmax, case B: θcr2 ≤ θP < θcr1 , and case C: 0 ≤ θP < θcr2 . θcr1 and
θcr2 are the critical values of θ
P to differentiate different cases. θcrmax is the critical pre-deformation
of the SMA torsion spring before any unrecoverable deformation occurs and is given by: θcrmax =
εcrmax/C1, where ε
cr
max is the critical strain approximately equal to 8% for low-cycle use of SMA
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made of Nitinol [85], which makes θcrmax equal to 6.5π for the presented SMA torsion springs. In
our case, each spring is pre-tightened by 2.5π, so the springs always stay in the safe region. By




(KA −KM )θcrs − τ c
KS
case A
(KA −KS)θP + 2(KS −KM )θcrs − 2τ c
KA +KS
case B




Note that KM , KA, KS , and θcrs are functions of N0. By making the expression for case B
equal to those for case A and case C, respectively, the critical pre-deformations can be solved as:
θcr1 =
(KA −KM + 2KS)θcrs − τ c
KS
(2.20)
Figure 2.10: Simulation results: (a) full motion range against pre-deformation and friction
torque, (b) optimal pre-deformation against spring turns and friction torque, and (c) full










Case A in Equation (2.19) shows that the full motion range is constant if θP is equal to or larger than
θcr1 , and cases B and C show that the full motion range monotonically decreases with reducing θ
P .
Figure 2.10(a) shows the full motion range versus θP and τ c when N0 is equal to 3 in our system.
It indicates that we can achieve the maximum full motion range when θP is equal to or larger than
θcr1 , which is applicable to different N0. Meanwhile, small pre-deformation is preferred, since it
allows a large diameter of the rotation shaft to deliver tools through channel of the shaft. Therefore,
θcr1 is regarded as the optimal pre-deformation. Figure 2.10(b) shows the theoretical optimal pre-
deformation versus τ c and N0. It indicates that the optimal pre-deformation linearly increases with
increasing N0 under certain τ c. Figure 2.10(c) shows the maximum full motion range versus N0
and τ c, if the optimal pre-deformation is adopted. It indicates that a larger full motion range can be
achieved if there are more spring turns. Based on the estimated properties of the SMA torsion spring
(see Table 2.4), the optimal pre-deformation in our system is estimated to be 4.2π. Since the current
total pre-deformation is 6π, the theoretical motion process falls into case A, which validates the
quasi-static model in Figure 2.8. In the design procedure, we can set the required motion range as
the maximum full motion range and calculate the required N0 using Equation (2.19) if τ c is known.
Afterwards, the optimal pre-deformation can be computed from Equation (2.20).
2.3 Torsion Module Characterization
This section presents the experimental characterization of the SMA torsion module to estimate the
model parameters. The studies include the characterizations of the SMA torsion spring and the
friction torque of the torsion module.
2.3.1 SMA Torsion Spring Characterization
The experimental setup for characterizing the SMA torsion spring is shown in Figure 2.11. An SMA
torsion spring is fixed to the base of the platform at its bottom spring turn. The top spring turn is fixed
to an adapter mounted on the shaft of an encoder (US Digital, Vancouver, WA, USA) to measure
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Table 2.3: Characterization tests for SMA torsion springs
Test No. Test Description Characterized Parameters
1 Torque Free Test As, Af
2 Torsion Angle vs. Force Test EM , ES , θcrs , ε
cr
3 Heating Process of Block Test EA, CA
4 Cooling Process of Block Test Ms, Mf , CM
the deformation angle of the spring. A pair of electrical wires are soldered to the top and bottom
spring turns for Joule heating using a current amplifier (Maxon Motor, Sachseln, Switzerland). The
electric current output can be controlled by modulating the analog voltage input to the amplifier. A
resistance temperature detector (RTD) (Alpha Technics, Oceanside, CA, USA) is bonded with the
middle section of the torsion spring using thermally conductive adhesive to measure the temperature
of the spring. Due to the small spring size, temperature variance is assumed to be negligible in the
spring. All digital and analog signals are communicated via a I/O board (Sensoray Co., Inc., Tigard,
OR, USA) with a master computer. Based on this setup, four steps are performed to characterize
the SMA torsion spring, as shown in Table 2.3.
Step 1 - Torque free test: The load cell (Transducer Techniques MLP-10) in Figure 2.11 is
removed in this step. The torsion spring is pre-tightened to θd at room temperature. It will start
recovering its initial configuration when it is heated above the transformation temperature. If the
friction torque is negligible, the recovery angle can be derived using Equation (2.3) and is given by:
θ = θ0 + θL(ξ− 1), where θ0 and θL are both equal to θd. Figure 2.12 shows the deformation angle
Encoder
Load Cell SMA Spring
RTD Sensor
Figure 2.11: Experimental setup for the SMA torsion spring characterization.
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Figure 2.12: Rotation angle of the SMA torsion spring against temperature during the
heating process compared to model predictions. RMSE is 9.5752◦ for Liang-Rogers model
(As=36◦C,Af=54◦C) and 14.8436◦ for Tanaka’s model (As=42◦C,Af=60◦C). R2=0.9771
(-118◦, Liang-Rogers), R2=0.9860 (-138◦, Liang-Rogers), R2=0.9454 (-118◦, Tanaka), and
R2=0.9653 (-138◦, Tanaka).












τ c 0.0007 Nm
of the torsion spring for -118◦ and -138◦ pre-deformation. The least-square approach is used to
fit the Liang-Rogers model and the Tanaka’s model with the experimental data by searching for the
optimal values ofAs andAf . The results show that the Liang-Rogers model can fit the experimental
results better. The estimated values of As and Af are listed in Table 2.4.
Step 2 - Determination ofEM andES: The experimental setup is the same as the one in the first
step, except that the bolt is used to apply a pushing force on the load cell by the SMA torsion spring.
In this step, the relationship between the deformation angle and the pushing force is measured at
room temperature. When ξ = 1 at room temperature, the governing Equation (2.3) is rewritten
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as: E = C2(F−F0)LlC1|θ−θ0| , where F is the force measurement of the load cell, F0 is the initial force
measurement when θ is equal to θ0, and Ll is the leverage length of the bolt. By measuring the rate
of force change before and after θcrs , the values of EM and ES can be estimated. Figures 2.13 and
2.14 show the force measurements for these two cases, respectively. A linear model is used to fit
the experimental data using the least-square approach and estimate the values of EM and ES . In
Figure 2.14, the middle section from -400◦ to -300◦ is used for model fitting, since the stress initially
increases at the rate of EM from zero. The increased rate of force change when the angle is smaller
than -400◦ is caused by the increased friction torque between the neighboring spring turns when
the spring becomes very tight at large deformation angles. The intersection of the model fitting
results of the two cases yields the critical angle, θcrs , and ε
cr
s is calculated using Equation (2.7). The
estimated values of EM , ES , θcrs , and ε
cr
s are listed in Table 2.4.
Step 3 - Determination ofEA and CA: In this step, block tests are adopted using the experimen-
tal same as the one in second step. The SMA torsion spring is pre-tightened and the pre-deformation
is measured to be -85◦. When the torsion spring is heated and tends to recover the initial shape, the
load cell constrains its motion and measures the block force. The SMA torsion spring is heated to
follow a temperature reference by modulating the electric current for Joule heating using a PI con-
troller with the temperature feedback provided by the RTD temperature sensor. From Equation (2.3),
the generated force is given by: F = C1|θ0|E(1−ξ)C2Ll , where ξ is described by Equation (2.4). When















Figure 2.13: Force measurement versus rotation angle of the SMA torsion spring in the
small-angle motion range at room temperature. RMSE is 0.0105 N. R2 value is 0.8475 and
0.7421 for the 1st and the 2nd experiment, respectively.
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Figure 2.14: Force measurement versus rotation angle of the SMA torsion spring in the
large-angle motion range at room temperature. RMSE is 0.0113 N. R2 value is 0.6357 and
0.7532 for the 1st and 2nd experiment, respectively, in the range of -400◦ to -300◦.





























Figure 2.15: Block force measurement versus temperature of the SMA torsion spring: (a)
SMA torsion spring is heated (RMSE is 0.0227 N and R2 value is 0.9392) and (b) SMA
torsion spring is naturally cooled after heating (RMSE is 0.0125 N and R2 value is 0.9850).
ξ = 0, the generated force is the maximum an given by: Fmax =
C1|θ0|EA
C2Ll
. Thus, EA can be
estimated by using the measurement of the maximum force. By using the least-square approach to
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fit the derived model with the force measurements, the value of CA can be estimated. The values
of EA and CA are listed in Table 2.4. The experimental results and model predictions are shown in
Figure 2.15(a).
Step 4 - Determination of Ms, Mf and CM : Since the shape of the SMA torsion spring will not
change when the spring is cooled, the torque free test in the first step is not applicable in this step.
Thus, we take advantage of the cooling process of the previous block test to estimate the values of
Ms, Mf , and CM by fitting the model using the least-square approach. In the cooling process, the
expression of the generated force is the same as that during the heating process in the previous test,
while ξ is described by Equation (2.5). Figure 2.15(b) shows the experimental results and the model
predictions based on the fitted model when the SMA torsion spring is cooled following the test as
described in Figure 2.15(a). The estimated values of Ms, Mf and CM are listed in Table 2.4.
2.3.2 Friction Torque Characterization
The experimental setup for the friction torque characterization is shown in Figure 2.16. The shaft
of the torsion module is fixed between two parallel plates on the stage. Two wooden sticks are
respectively glued on the base disk and the torsion disk with two vision markers on each stick. A
SMA A SMA B
Figure 2.16: Experimental setup for characterizing the friction torque.
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MicronTracker stereo camera (Claron Technology Inc., Toronto, Ontario, Canada) is used to track
the four vision markers by Lucas-Kanade optical flow method [86]. The position of all markers is
calculated using OpenCV libraries to calculate the orientation of both sticks. Using this approach,
the rotation angle of the torsion module can be obtained. All vision-related processes are conducted
on a slave computer.
The electrical wires for each SMA torsion spring are connected between the current source and
a metal–oxide–semiconductor field-effect transistor (MOSFET) (Infineon, Neubiberg, Germany),
which is controlled ON and OFF by the master computer via the I/O board. By turning one switch
ON and the other switch OFF, the corresponding SMA torsion spring can be energized under the
electric current supplied by the aforementioned power source. The temperature of each SMA torsion
spring is measured using an RTD temperature sensor, and the measurement is fed to the master
computer via the I/O board. The sampling time of the master computer is set as 15 ms to coordinate
the serial communication with the slave computer.
The positive direction of the SMA torsion module is defined to be counter-clockwise, as shown
in Figure 2.16. When SMA A is heated, the torsion module rotates clockwise and the rotation angle
decreases, and vice versa when SMA B is heated. To generate a consistent home position, SMA
B is heated to make the module rotate to the positive extremum and then cooled naturally to room
temperature. The terminal angle is exclusively determined by the thermomechanical properties of
the torsion module and assumed to be consistent for repeated tests. This characterization experiment
includes two consecutive steps. In the first step, the torsion module is actuated by heating SMA A
for ten minutes to follow a temperature reference, as shown in Figure 2.17, followed by a natural
cooling process for five minutes. In the next step, the torsion module is actuated in the positive
direction by heating and then cooling SMA B in the same way. The temperature of the SMA torsion




where eT = Tr − T , and ir, Tr, T , KTp , and KTi are the electric current, temperature reference,
temperature measurement, proportional gain, and integral gain, respectively.
The rotation angle of the torsion module is shown in Figure 2.18. It shows that the full motion
range is 466◦. The heating and cooling processes are slow to ensure a quasi-static motion of the
torsion module. Figure 2.19 shows the temperature change for both SMA torsion springs. It shows
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Figure 2.17: Snapshots of the torsion module moving clockwise as the arrow indicates
when SMA A is heated.
that when one SMA torsion spring is heated, the temperature of the other increases slowly, probably
due to the heat transfer between them via the ambient air and the device structure. From Figures 2.18
and 2.19, it is observed that the angular extremum is achieved when the temperature of the SMA
torsion spring is about 70◦C. Since the motion of the two steps are theoretically identical due to the
same heating and cooling processes, only the heating and cooling processes for SMA A are used for
friction torque characterization. The angle of the torsion module as a function of the temperature of
SMA A is plotted in Figure 2.20. By applying the least-square approach, the quasi-static model is
used to fit the experimental results. The estimated friction torque is listed in Table 2.4. As shown in
Figure 2.20, the quasi-static model predicts the rotation angle of the SMA torsion module well.



















Figure 2.18: Rotation of the torsion module in one cycle.
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Figure 2.19: Temperature of the SMA torsion springs in one cycle.




















Figure 2.20: Rotation angle of the torsion module versus the temperature of SMA A when
SMA A is heated and then naturally cooled (RMSE is 16.7588◦ and R2 value is 0.9867).
2.4 Experimental Studies
2.4.1 Controller Design
To control SMA actuators, several linear and nonlinear controllers have been proposed to achieve
precise tracking and disturbance rejection based on temperature or strain change feedback [87–89].
In the developed system, the measurable variables are the temperature of the springs and the rotation
angle of the torsion module which is also the system output. Hence, we use a double-channel cas-
cade PI controller (red and blue blocks) with feed-forward compensation (green block), as shown in
Figure 2.21. The purpose of the double-channel controller is to promptly reduce tracking overshoot
due to slow natural cooling by actively heating the antagonistic SMA element [87]. In Figure 2.21,










































Figure 2.21: Block diagram of the double-channel cascade PI controller.
is applied on SMA A and SMA B is used to reduce overshoot. In the double-channel controller,
a switching function determines which spring needs to be heated based on the output error given
by: eJ = θJr − θJ , where eJ , θJr , and θJ are the error, reference, and measurement of the rotation
angle, respectively. When eJ < 0, SMA A is continuously heated and SMA B is not heated. When
eJ > 0, the controller stops heating SMA A and starts heating SMA B to suppress the overshoot of
the rotation angle.
In the green block, the theoretical temperature is calculated as the feed-forward compensation
based on the angular position reference and the quasi-static model. If the home position of both
springs is known, the angular position reference for SMA A, θAr , can be obtained based on θ
J
r , and
the solution of ξAr and τ
A





into the phase transformation Equations (2.4) and (2.5), the required temperature of SMA A, TAf ,
is obtained as the feed-forward compensation. In each channel, the first PI controller computes
the temperature compensation based on the rotation angle feedback, and the control law is given
by: Tb = KJp |eJ | + KJi
∫
|eJ |dt, where Tb is the temperature compensation, and KJp and KJi
are the proportional gain and integral gain, respectively. The second PI controller computes the






eTdt, where eT = Tr − T , T is the temperature measurement, ir is the
current reference, and KTp and K
T
i are the proportional gain and integral gain, respectively. All the
controller gains are tuned by trial and error.
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2.4.2 Feedback Control Results
The experimental setup used for characterization, as shown in Figure 2.16, is used to evaluate the
working performance of the torsion module.
Sinusoidal Tracking: The results of three sinusoidal tracking tests are shown in Figures 2.22(a)
to (c). Since the developed model assumes a quasi-static motion, the feed-forward compensation
is not applied in these relatively dynamic tests. When the tracking frequency is low (0.017 Hz and
0.025 Hz), the root-mean-square error (RMSE) is small and the performance is satisfactory. When
the tracking frequency is increased to 0.05 Hz, phase shift is observed, primarily due to the output
saturation of the current source. In the current system, the maximum electric current for Joule
heating is set to be 1.9A. Thus, it is predictable that higher tracking frequency can be achieved if
a more powerful current source is used and electrical wires with better heat resistance are adopted.
Active cooling using water is also under consideration, since it has been proven to be beneficial to
improving the bandwidth of SMA actuators [90]. The two channels are frequently switched when
the measured rotation angle oscillates around the position reference and the sign of the tracking
error frequently changes, resulting in the alternate spikes of heating current in Figures 2.22(a) to
(c).
Step Input Response: The results of step input tests are shown in Figure 2.22(d). Since SMA B
is heated when SMA A is at low temperature during the first several steps (0s to 65s in the upper
case and 0s to 125s in the lower case), the antagonistic torque applied by SMA A is relatively small,
so the response of the torsion module is fast with a rise time of about 4 s for the upper case and
2 s for the lower case. The rise time for the remaining steps increases and the longest rise time is
about 20 s, since the antagonistic SMA torsion spring which is heated before the torsion module
reverses is still at high temperature. Considering that most surgical procedures do not require high-
speed motion, the torsion module can meet the application requirements, since the steady state error
of each step diminishes to zero within finite time. Slight oscillation about ±1.5◦ occurs when the
reference angle is 0◦ and 40◦, probably due to the nonlinear dynamics of SMA springs. When the
torsion module works in an environment with sufficient damping, the oscillation can potentially be
suppressed. The feed-forward compensation is either not applied in these tests.
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Quasi-Static Tracking: The proposed controller is evaluated by performing two quasi-static




Figure 2.22: Experimental results: (a) Sinusoidal tracking at 0.017 Hz frequency (RMSE
is 1.67◦), (b) Sinusoidal tracking at 0.025 Hz frequency (RMSE is 2.05◦), (c) Sinusoidal
tracking at 0.050 Hz frequency (RMSE is 3.60◦), (d) step input response with the time step
of 30s and step size of 20◦ (upper) and time step of 30s and step size of 10◦ (lower), (e)
Quasi-static tracking with both feed-forward and feedback compensation from 0s to 300s
(RMSE is 1.86◦) and only feedback compensation from 300s to 600s (RMSE is 2.24◦),
and (f) Quasi-static tracking with only feed-forward compensation applied from 0s to 300s
(RMSE is 8.19◦) and only feedback compensation applied from 300s to 600s (RMSE is
2.58◦).
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ensure a quasi-static motion. In the first test, both the feed-forward and feedback compensation are
applied in the first half cycle and only the feedback compensation is applied in the second half cycle.
Figure 2.22(e) shows negligible difference in the tracking error between these two halves, implying
that the model-based feed-forward compensation cannot improve the tracking performance signifi-
cantly. However, the feed-forward compensation shows its significance when the motion feedback
system is unavailable. Since it is challenging to incorporate miniature encoders, vision feedback is
usually used. But since vision systems are not robust, it is very likely that visual features are lost
due to occlusion during procedures. Thus, in the second test, only the feed-forward compensation
is applied in the first half cycle, which simulates a failure of the vision system, and only the feed-
back compensation in the second half cycle, which simulates a recovery of the vision system, due
to model uncertainties, such as the temperature change in the antagonistic spring and unmodeled
deformation of spring turns. Although the tracking error is larger than that in the second half cycle,
we can effectively avoid unpredictable rotation when the vision system fails. When only the feed-
forward compensation is applied, the torsion module works in the open-loop mode and the relatively
small tracking error also validates the derived quasi-static model. In both cases, the feed-forward
compensation is only applied in the first half cycle, since the derived model assumes that the antag-
onistic spring is at room temperature, which is invalid in the second half cycle as the antagonistic
spring still maintains a relatively high temperature after being heated in the first half cycle.
2.4.3 Proof-of-Concept Demonstration
Figure 2.23(a) shows the setup for the gelatin evacuation demonstration. A digital electrosurgery
generator (Bovie Medical Corp., Melville, NY, USA) is used to provide the electocautery tips with
electric current to cauterize the gelatin tissue around the robot tip. A suction device (Invacare Corp.,
Elyria, OH, USA) is used to remove the cauterized tissue through a drainage tube and store it inside
a sealed cup, as shown in Figure 2.23(b). The demonstration includes the following steps. First,
the robot is manually inserted into the gelatin until its tip reaches the red core. After the robot is
fixed by a support device, the bending tip deflects and the robot tip rotates within the red core by
actuating the SMA bending tip and the SMA torsion module. Meanwhile, the electrocautery tips are











Figure 2.23: Experimental setup for the gelatin evacuation demonstration: (a) NICHE robot
connected to a suction device and a electrosurgery generator and (b) gelatin evacuated from




Figure 2.24: Snapshots of the gelatin evacuation demonstration with (a) and (b) showing
the deflection of the bending tip and (b)→(i) showing the articulation of the end effector.
of this process are shown in Figure 2.24. Since after a volume of tissue is removed, the gelatin tissue
above it will fill up the empty space due to gravity, a cavity is gradually formed starting from the
top surface of the gelatin slab.
2.5 Discussion and Conclusions
In this chapter, an innovative SMA torsion module is proposed based on SMA torsion springs to
develop a meso-scale neurosurgical robot for intracerebral hemorrhage evacuation. Due to the alter-
nate shape recovery of two antagonistic, tightened SMA torsion springs at high temperature, a com-
pact torsion module is developed. All the electric components are enclosed inside the module for
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insulation. The SMA torsion module is analytically modeled to find out the optimal pre-deformation
of the springs and achieve the maximum motion range. The model parameters can be experimen-
tally characterized so that a feedback controller with model-based feed-forward compensation can
be implemented. Several experimental studies are conducted to evaluate the working performance
of the torsion module. The positioning accuracy of the NICHE robot is estimated to be 0.7 mm by
multiplying the low-speed tracking error of about 2◦ (see Figure 2.22) and the maximum rotation
radius of about 20 mm (see Figure 2.6). This accuracy is comparable to the accuray of commercial
neurosurgical systems, such as the StealthTM NavigusTM system [81]. The module is able to rotate
by more than 360◦, but the motion range becomes smaller in gelatin phantom due to the external
loading applied by gelatin tissue and the cooling effect of gelatin tissue. The NICHE robot is de-
veloped by integrating the SMA torsion module with an SMA bending tip and a rigid stem. All
the structural components are 3D-printed in bio-compatible plastic material to enable a disposable,
bio-compatible robotic system. By equipping the robot with a suction tube and electrocautery tips
at the end effector, the NICHE robot is able to perform evacuation procedures.
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CHAPTER 3
LOW-CURRENT SMA BENDING MODULE
The SMA torsion and bending modules for meso-scale surgical robotics are presented in the pre-
vious chapter. However, the electric current required for SMA actuation is high. To improve the
system safety and enable an MRI-compatible robotic system, this chapter will present a conductive
heating actuation technique to significantly reduce the requirement of electric current. This tech-
nique is applied on the SMA bending modules to develop an MRI-compatible robotic catheter for
atrial fibrillation (AFib), which is a common heart-related health problem among American popu-
lation [91]. In related works, the positioning error of the SMA bending module under vision-based
feedback control is less than 0.5◦ [23].
AFib is primarily caused by ectopic electrical discharge from pulmonary veins (PVs) in the left
atrium (LA) [92]. Therefore, a radiofrequency (RF) ablation procedure can potentially treat AFib
by ablating the tissue around PVs and blocking ectopic electrical signals [93, 94]. However, it is
challenging to precisely manipulate a completely passive catheter in the confined atrium to perform
the ablation procedure. Multiple trials involving insertion, retraction, and base rotation have to
be performed to reach an ablation target and apply appropriate contact force [94]. To overcome
this challenge, tendon-driven mechanisms have been applied to develop commercially available
catheters with steerable tips [95, 96]. However, the coupling effect of tendon-driven mechanisms
has made it very challenging to develop a steerable catheter with high DoFs.
The rest of this chapter is organized as follows. Section 3.1 presents the design and fabrication
of the low-current SMA bending module and the robotic catheter. Section 3.2 models the magnetic
and thermomechanical properties of the low-current SMA bending module. Section 3.3 presents
several experimental studies to evaluate the developed bending module and robotic catheter. Section
3.4 concludes the chapter.
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3.1 Hardware Development
This section presents the hardware development of the low-current SMA bending module and the
robotic catheter. I would like to acknowledge Dr. Xuefeng Wang, currently an Assistant Professor
at the University of Alabama, Tuscaloosa, for collaborating on the design and fabrication of the
low-current SMA bending module.
3.1.1 Bending Module Design
The robotic catheter based on SMA bending modules is comprised of a flexible stem and a steer-
able tip covered by an 3D-printed elastomeric sleeve, as shown in Figure 3.1. The flexible stem
is a 9 French outer diameter braid-reinforced tube with high flexibility and kink resistance (Duke
Extrusion, Santa Cruz, California, USA). The steerable tip consists of multiple SMA bending mod-
ules, as shown in Figure 3.2(a). Each SMA bending module is made of a pair of 190 µm diameter
SMA wires bonded between two rigid module links, as shown in Figures 3.2(b) to (d). Each link
has an outer diameter of 2.9 mm and possesses a 1.3 mm diameter through channel. Since the
two SMA wires bend antagonistically when they tend to recover their memorized curved shapes at
high temperature, the bending module can be actuated bi-directionally by individually heating each
SAM wire. When two SMA bending modules are assembled together via protrusions and recesses
on adjacent module links, these two modules bend in two orthogonal directions, as shown in Fig-
ure 3.2(b). If a positive adapter is utilized, the length of the steerable tip can be adjusted, as shown
in Figure 3.2(c). If a negative adapter is assembled between two SMA bending modules, these two
modules can bend in the parallel direction, as shown in Figure 3.2(d).
Flexible Stem
5-DoF Steerable Tip
Figure 3.1: Robotic cardiac catheter consisting of a flexible stem and a steerable tip.
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To develop a reliable SMA bending module and an MRI-compatible robotic catheter, the tech-
nique of conductive heating actuation is proposed. As shown in Figure 3.2(e), a 30 µm diameter
enameled nichrome wire is folded into two strands and tightly routed around the bending segment
of the SMA wire to form nichrome coils. By applying electric current to the nichrome coils, the
temperature of the nichrome coils will increase due to Joule heating. Meanwhile, the temperature
of the SMA wire wrapped within the nichrome coils will increase as well due to conductive heat
transfer between the nichrome coils and the SMA wire. Due to the high resistivity and small cross-
section of the nichrome wire, the electric current required for energizing the SMA wire is very low.
Since the electromagnetic fields induced by the two nichrome strands containing opposite electric
current are small and canceled by each other, the MRI-compatibility of the SMA bending module
can be significantly improved. Due to the low electric current, ultra-thin enameled magnet wires (44
AWG) can be soldered to the nichrome coils for supplying electric current. As a result, sufficient
free space is allowed inside the catheter channel to pass through surgical tools when multiple SMA
bending modules are integrated to form a multi-DoF steerable tip. The SMA training procedure is
the same as that presented in Section 2.1.4. The memorized shape of the SMA wire is 90◦ for a
curvature of 149.25 m−1.
3.1.2 Bending Module Fabrication
A set of jigs are designed and 3D printed to route the nichrome wire around the bending segment
of the SMA wire, as shown in Figure 3.3(a). Both the upper frame and the lower frame contain an
array of teeth with a groove along its axis. When they are assembled face to face, the space between
the teeth form a helical routing path with a 800 µm pitch, and a channel goes through the center.
To route the nichrome wire, the straight segment at one end of the SMA wire is fixed inside the
groove of the base frame using the fixture, a bolt, and a nut, as shown in Figure 3.3(a). By manually
straightening the bending segment using pliers, the straight segment at the other end of the SMA
wire is fixed in the same way. Afterwards, the upper frame and lower frame are attached to the
base frame, so that the bending segment of the SMA wire is constrained inside the channel between
the two frames. Meanwhile, a nichrome wire is folded into two strands and tied onto the tip of a



















Figure 3.2: Design of the robotic catheter: (a) steerable tip comprised of multiple SMA
bending modules, (b) assembly of two bending modules with orthogonal bending direc-
tions, (c) assembly of two bending modules via a positive adapter, (d) assembly of two
bending modules via a negative adapter, and (e) nichrome coils routed around an SMA
wire of the bending module. The red arrows show bending directions and the blue arrows
show assembly directions.
wire on the base frame, the superelastic wire with the nichrome wire is repeatedly passed through
the space between adjacent teeth and routed around the SMA wire along the helical path, as shown
in Figure 3.4(a). Appropriate pulling force is applied to the superelastic wire after it passes through
the teeth each time, so that a series of nichrome coils are tightly wrapped around the SMA wire. In
the end, the upper frame and lower frame are removed, and super glue is applied to fix the nichrome
coils on the SMA wire.
To assemble two SMA wires with nichrome coils onto two module links in an antagonistic way,
two sets of assembly jigs are developed. As shown in Figure 3.3(b) and Figure 3.4(b), a module
link is fixed between a base frame and a coupler. The grooves on the link for fixing the SMA wires
face upward and downward, respectively, by matching the protrusions of the link to the recess of
the coupler. Meanwhile, the SMA wires are heated by a heat gun to recover their memorized curved
configurations. By fitting the straight segment at one end of each SMA wire into the link groove,
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pressing the upper frame and lower frame into the flat recess on the base frame, and applying epoxy
adhesive to the link grooves, the two SMA wires can be fixed onto the link in an antagonistic way.
After removing the module link from the base frame, the bending segments of the two SMA wires
on the module are manually straightened and the module link is assembled to a coupler, as shown
in Figure 3.3(c). Afterwards, the left frame and right frame are assembled together with the coupler
to fit the SMA wires into the grooves formed between the two frames. After assembling the other
module link and the other coupler and pressing the SMA wires into the grooves on the module
link, as shown in Figure 3.4(c), epoxy adhesive is applied to fix the SMA wires. The fabrication is
completed by removing the jig sets after the adhesive cures, as shown in Figure 3.4(d).
3.2 Actuator Modeling
3.2.1 Electromagnetic Field
When an electric current is applied to a metallic wire, such as an SMA wire or a nichrome wire in

















where r, r′, J , t, and c represent a point in the world space, a point along the electric current flow,
current density, time, and speed of light, respectively. tr is the retarded time and it is given by:
tr = t− r−r
′


























Figure 3.3: Fabrication of the SMA bending module: (a) fixing an SMA wire onto the jigs
followed by routing a nichrome wire, (b) assembling two SMA wires to a module link, and
(c) connecting the module link with SMA wires to another link. The blue arrows indicate
assembly directions.
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(a) (b) (c) (d)
Figure 3.4: Photos showing the fabrication of the SMA bending module: (a) nichrome
wire routed around the SMA wire, (b) two SMA wires assembled with one module link,
(c) assembling another module link, and (d) prototype of the SMA bending module.
current density variation. When the SMA bending module is manipulated within a cardiovascular
system under intra-operative MRI guidance, the distance from the region of interest (ROI) to the
bending module is within several centimeters. Therefore, when the current density is modulated by










where ts is the time step for the digital control system. From Equations (3.1) and (3.2), the magnetic
field generated by the current density variation is negligible, since it is much smaller than that
generated by the current density. Thus, for a metallic wire under direct Joule heating, the magnetic
field magnitude around it is given by: Bm = µ0I2πd , where µ0, I , and d are the permeability of
free space, electric current magnitude, and the shortest distance to the SMA wire from a spatial
point, respectively. In preliminary studies, up to 2 A electric current is required to actuate an SMA
bending module under direct Joule heating actuation in water at room temperature. However, the
same bending module with nichrome coils under conductive heating actuation requires much lower
current, which will be presented in the following sections. Therefore, the strength of the induced
electromagnetic field is significantly reduced. Meanwhile, the nichrome coils work as a solenoid to
constrain the electromagnetic field inside the SMA wire. Since the nichrome coils are made of a
folded nichrome wire containing two strands, the electric current flows are opposite to each other in
the two parallel strands and the induced electromagnetic fields cancel each other, further reducing
the overall strength of the magnetic field around the SMA bending module.
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3.2.2 Heat Transfer
To model an SMA wire with nichrome coils under conductive heating actuation, a few assumptions
are made: a) The individual temperature of the nichrome coils and SMA wire is homogeneous; b)
Heat is dissipated into air through free convection at room temperature; c) The thermal effect of
super glue is negligible due to its negligible volume. The length of the nichrome wire around an
SMA wire of a unit length, lr, is given by: lr = 2
»
p2r + π
2d2s/pr, where pr and ds are the pitch of
the nichrome coils and SMA wire diameter, respectively. The heat generated on the nichrome coils
is transferred to the SMA wire via contact conductance in addition to raising the temperature of the












where Tr, Ta, ha, dr, ρr, Cr, βr, I , Ts, and hc are the temperature of nichrome coils, air temper-
ature, heat convection coefficient for free air, nichrome wire diameter, nichrome density, specific
heat capacity of nichrome, nichrome resistivity, heating current, SMA wire temperature, and the
coefficient of thermal contact conductance, respectively. The heat transferred to the SMA wire via
contact conductance increases the SMA wire temperature and induces SMA phase transformation in
addition to the dissipation into air [90, 98, 99]. By assuming the contact area between the nichrome











where ρs, Cs, Ls, and ξ are the SMA density, specific heat capacity of SMA, latent heat of phase
transformation, and martensite volume fraction of SMA, respectively. The value of hc depends on
the contact force between the SMA wire and nichrome coils, and it is influenced by the applied
super glue. Therefore, it needs to be experimentally estimated.
3.2.3 SMA Constitutive Model
The Liang-Rogers model is used to model the thermomechanical properties of the SMA bending
module. As the strain change induced by thermal expansion is negligible, the SMA constitutive
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model is given by [83]:
σ − σ0 = E(ε− ε0)− εLE(ξ − ξ0) (3.5)
where σ, ε, E, and εL are the SMA stress, strain, Young’s modulus, and maximum recoverable
strain, respectively. The subscript ’0’ denotes the initial condition. E is given by: E = EA +
ξ(EM − EA), where EM and EA are the Young’s modulus values in the austenite state (A) and










)] + 1} (3.6)
where As and Af are the transformation start and finish temperatures for the heating process, re-
spectively. CA is the stress influence coefficient.
3.3 Experimental Studies
3.3.1 Fatigue Tests
To evaluate the working performance of the SMA bending module and the durability of the super
glue as a bonding layer between the SMA wire and nichrome coils, a series of fatigue tests are
conducted. As shown in Figure 3.5(a), one link of a SMA bending module is fixed onto a fixture







Figure 3.5: Fatigue tests of the SMA bending module: (a) experimental setup, (b) micro-
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Figure 3.6: Experimental results of fatigue tests: (a) maximum bending angles versus bend-
ing cycles and (b) twist angles of the SMA bending module versus bending angles.
link of the bending module. Meanwhile, a MicronTracker stereo camera (Claron Technology Inc.,
Toronto, Ontario, Canada) is used to track the position of the four vision markers to compute the
bending angle of the bending module. By alternately applying 40 mA current for 5 s to the nichrome
coils around the upper SMA wire and the lower SMA wire with a 30 s natural cooling interval
between two heating periods, the bending module is actuated bi-directionally for repeated cycles.
A stereo microscope (Model S6D, Leica, Wetzlar, Germany) is used to examine the SMA wire with
nichrome coils. It is observed that the nichrome coils are still tightly bonded with the SMA wire
after 200 cycles, as shown in Figures 3.5(b) and (c). These tests have demonstrated that super glue
can be used as a reliable bonding agent between the SMA wire and nichrome coils, due to the high
service temperature up to 82◦C and flexibility of the super glue. It is assumed that the surgical
procedures where the SMA bending module is used, can be completed by actuating it for far fewer
than 200 cycles. Thus, the developed SMA bending module is robust.
Figure 3.6(a) shows the maximum bending angles versus bending cycles at 40 mA heating cur-
rent. The maximum bending angle decreases significantly in the first 50 cycles and converges to a
stable value of about 33◦ and 35.5◦ for the actuation of the lower and upper SMA wires, respec-
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tively. This is primarily due to the change of the thermomechanical behavior of SMA during cyclic
loading [100], which causes the accumulation of dislocations around defects in SMA microstruc-
ture and results in an increase of residual martensite volume fraction and a decrease of stress during
forward phase transformation (M→ A). It is also observed that the bending module twists when it
deflects. To define the twist angle, the vision markers on the moving link are projected to the plane
perpendicular to the vector through the vision markers on the fixture. The twist angle is the angle
between the horizontal plane and the vector through the two projection points. Figure 3.6(b) shows
the twist angles of the bending module versus the bending angles. Since the straight configuration
is a geometric singularity for computing the twist angle, the computation of the twist angle when
the bending angle is close to 0 has a relatively large error due to the limited tracking precision of
the stereoscopic camera. Thus, the twist angles for the bending angles from -10◦ to 10◦ are not
shown. It is observed that the average twist angle is about 11.4◦ and 6.7◦ for the negative (upper
SMA wire) and positive bending (lower SMA wire), respectively. In addition to the moment arm
from the bending force to the link axis, the twisting is also caused by the uncertainty when aligning
SMA wires during fabrication, as shown in Figures 3.3(b) and (c).
3.3.2 SMA Actuation Comparison
In the second study, the SMA bending module under conductive heating actuation is compared with
the same module under direct Joule heating actuation in terms of their heating and cooling response.
The experimental setup is shown in Figure 3.7(a). After the bending module consisting of one SMA
wire is manually set in a straight configuration, one link of the bending module is fixed onto a
fixture and the other link is bonded with an adapter with a conic tip on the side to press a load cell.
When the SMA wire is thermally actuated, the recovery motion of the bending module is blocked
by the load cell and the block force is measured. In the first case, electric current from 10 mA to
20 mA with a 5 mA step and from 20 mA to 38 mA with a 2 mA step is applied to the nichrome
coils around the SMA wire for 40 s, followed by a 40 s natural cooling period. In the second case,
electric current from 0.1 A to 0.9 A with a step of 0.1 A is applied to the SMA wire for direct
Joule heating actuation for 40 s, followed by a 40 s natural cooling period. Each test was repeated
by three times. Figures 3.7(b) and (c) show the change of the block force for these two cases at
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several typical current levels. It is observed that the electric current required for conductive heating
actuation is about 20% of that required for direct Joule heating actuation to achieve the same level
of stable block force.
By defining the time required to achieve 63% of the maximum force increase during heating
and 63% of the maximum force drop during cooling as the heating time and cooling time, respec-
tively, the average heating time and cooling time with standard deviations for four groups of stable
block force are shown in Figures 3.8(a) and (b). It is observed that the conductive heating actuation
requires more heating time, probably due to the large nichrome coil pitch in the current design.
Since the electric current required for the conductive heating actuation is much smaller, the heating
response can potentially be improved by increasing the electric current. The cooling time for the























































Figure 3.7: Comparison between Joule heating actuation and conductive heating actuation:
(a) experimental setup to measure the block force, (b) block force under Joule heating
actuation, and (c) block force under conductive heating actuation.
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Figure 3.8: Comparison between Joule heating actuation and conductive heating actuation
in terms of heating response (a) and natural cooling response (b).
conductive heating actuation is slightly longer than that for the direct Joule heating actuation, prob-
ably due to the larger heat capacity of the SMA wire with nichrome coils and the impediment of
natural convection by super glue.
3.3.3 Estimation of Contact Conductance Coefficient
Since the training method for the SMA wire is the same as the method presented in the related
work [23], the parameter values of the SMA constitutive model are taken from this work and listed
in Table 3.1 with geometric parameters. For the heat transfer model, the value of the heat convection
coefficient in free air, ha, is approximately equal to 5 W/(m2·K) [101]. To estimate the conductance
coefficient between the SMA wire and nichrome coils, hc, an experiment is performed. The ex-
perimental setup is similar to Figure 3.5(a), except that the bending module is only equipped by
one SMA wire with nichrome coils. The bending module is heated by a heat gun to deflect to the
maximum bending angle which is measured by the stereoscopic camera. Afterwards, the bending
module is manually straightened. By applying electric current to the nichrome coils for 20 s at
different current levels, the SMA wire bends to different stable angles at different current levels
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Figure 3.9: Angular recovery percentage of the SMA wire versus electric current applied
to the nichrome coils. RMSE and R2 value of the experimental results with respect to the
model prediction are 0.0704 and 0.9775, respectively.
Table 3.1: Properties of SMA wire and nichrome wire
variable value unit variable value unit
dr 0.03 mm As 31.5 ◦C
ds 0.19 mm Af 64.5 ◦C
pr 0.8 mm CA 30 MPa/◦C
ha 5 W/(m2·K) hc 0.34 W/(m2·K)
and undergoes stepwise shape recovery towards the maximum bending angle. The current increases
from 0 to 20 mA at a 5 mA step and from 20 mA to 40 mA at a 2 mA step. Figure 3.9 shows the av-
erage angular recovery percentage versus the current magnitude for three individual tests, computed
from the initial bending angle (θ0), maximum bending angle (θm), and stable bending angle (θi) at
each current level. Since the SMA stress is zero, Equation (3.5) can be simplified into: ε = ε0ξ.
Since the length of the bending segment of the SMA wire is constant, we have: ξ = θm−θiθm−θ0 . At each
stable bending angle, it is assumed that the SMA wire and nichrome coils are in the quasi-static
status, so a quasi-static model is derived from Equations (3.3) and (3.4) and then combined with the
SMA constitutive model to estimate the value of hc using the least-square approach. The estimated
value of hc is listed in Table 3.1. Figure 3.9(a) shows the model prediction. The RMSE and R2 value
are equal to 0.0704 and 0.9775, respectively. The estimated value of hc is relatively small, since
there is a adhesive layer between the SMA wire and nichrome coils, and the actual contact area is
smaller than the assumption made for Equation (3.4). Overall, the model has successfully captured
the thermomechanical properties of the SMA bending module and the model can potentially be used
for design optimization and model-based control in the future.
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3.3.4 Proof-of-Concept Demonstration
To evaluate the working performance of the developed cardiac catheter with an SMA-actuated steer-
able tip, a catheter prototype is inserted into the right atrium through the inferior vena cava for a
proof-of-concept demonstration, as shown in Figure 3.10. When the catheter tip is actuated, its mo-
tion can be viewed via a viewing channel through the superior vena cava. The initial posture of the
catheter tip is shown in Figure 3.10(b). Afterwards, 50 mA electric current under pulse width modu-
lation (PWM) was applied to individually actuate the first two distal bending modules and the PWM
intensity was controlled by an operator via a keyboard. Figures 3.10(c) and (d) show the tip moving
upward and downward, respectively, by actuating the first distal bending module. In this procedure,
the PWM intensity was increased from 0 to 100% and then decreased to 0 for the nichrome coils
responsible for bending the tip upward, followed by the increase of PWM intensity from 0 to 100%
for the nichrome coils responsible for bending the tip downward. While keeping the tip downward,
the second distal bending module was actuated to bend the tip leftward and rightward in a similar




Figure 3.10: Manipulation of the steerable robotic catheter inside the right atrium: (a)
catheter inserted through the inferior vena cava and viewed from the superior vena cava,
(b) straight steerable tip before actuation, (c) tip moving upward, (d) tip moving downward,
(e) tip moving leftward, and (f) tip moving rightward.
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3.4 Discussion and Conclusions
In this paper, an SMA bending module requiring low electric current for actuation is developed.
By integrating multiple SMA bending modules with a flexible tube, a steerable, MRI-compatible
robotic catheter is developed for AFib treatment. Each SMA bending module consists of a pair of
antagonistic SMA wires, which memorize curvatures opposite to each other. To reduce the electric
current required for SMA actuation and minimize the induced electromagnetic field, a conductive
heating actuation technique is developed by routing a folded, enameled nichrome wire around SMA
wires using customized jigs. After modeling the SMA bending module, the working performance
of the SMA bending module shows the durability of the conductive heating technique. The electric
current required for SMA actuation is reduced by about 80% compared with direct Joule heating
actuation for the same level of block force output. A proof-of-concept demonstration have shown the
potential of using the developed catheter as an alternative tool for the treatment of AFib. Although
the maximum bending angle of the SMA bending module decreases when it performs cyclic motion,
it will not be an issue if feedback control is implemented and reference angles are smaller than the
stable maximum bending angle. In addition, the actuation speed can be improved by adjusting the




The compact torsion module presented in Chapter 2 is promising for surgical robotics by using
the SMA actuation technique. Due to the nonlinear and hysteretic thermomechanical properties of
SMA as well as unknown external loading applied on the SMA torsion module, a motion feedback
mechanism is required to estimate the rotation of the SMA torsion module and control it in a closed-
loop manner. To develop a robust, compact, and low-cost sensing system, this chapter will present
the development of a fiberoptic rotation sensor based on light intensity modulation.
The rest of this chapter is organized as follows. Section 4.2 presents the design and fabrication
of the fiberoptic rotation sensor. Section 4.3 models the working principle of the sensor based on
light intensity modulation (LIM). Section 4.4 presents several experimental studies to optimize the
sensor design, verify the model, calibrate the sensor, and evaluate its working performance. Section
4.5 concludes the chapter.
4.1 Sensor Design and Fabrication
The fiberoptic rotation sensor is designed as a sensing module that can be readily mounted on the
SMA torsion module. Three generations of the fiberoptic rotation sensor have been developed. In
the first generation, one optical fiber set is utilized, and the measurement range is smaller than 180◦.
To improve the measurement range and precision, multiple fiber sets are used in the second- and
third-generation sensors.
4.1.1 First generation: One Fiber Set
As shown in Figure 4.1, the first-generation fiberoptic rotation sensor consists of an optical fiber set
and a rotary head mounted on the sensor shaft inside the sensor housing. The length and diameter
of the first-generation rotation sensor are 21 mm and 8 mm, respectively. As shown in Figure 4.1(a)






















Figure 4.1: Design of the first-generation fiberoptic rotation sensor: (a) fiberoptic rotation
sensor to be integrated with the SMA torsion module, (b) fiberoptic rotation sensor consist-
ing of an optical fiber set, a rotary head, and a shaft, and (c) two designs of the rotary head
with different reflective surface profiles.
friction between them. A metallic micro bearing is used to enable frictionless rotation of the rotary
head, as shown in Figure 4.1(b). Thus, the friction applied on the torsion module by the rotation
sensor is negligible. Meanwhile, the tip of the fiber set is encased inside the lumen in the bottom of
the sensor housing using UV-cured epoxy. Except for the rotary head, bearing, and optical fiber set,
all other components are 3D-printed in plastic material.
The proximal side of the rotary head close to the fiber set is a reflective surface with a varying
profile. Thus, the distance traveled by the light beam from the tip of the fiber set to the reflective
surface changes versus the rotation angle of the SMA torsion module. The optical fiber set is an off-
the-shelf product containing both transmitting and receiving optical fibers (Keyence Corporation,
Japan). A signal conditioner (Model FS-V31M, Keyence Corporation, Japan) is used to supply
640 nm wavelength light using a red light-emitting diode (LED) as a light source and convert re-
ceived light into an analog voltage output in the range of 1 V to 5 V. Two models of the fiber sets are
evaluated in this study. The model FU-46 fiber set contains two 125 µm diameter receiving fibers
and two 125 µm diameter transmitting fibers in a plus configuration. The model FU-24X fiber set
contains one 175 µm diameter transmitting fiber surrounded by eight 175 µm diameter receiving
fibers. Since the light reflective rate of the reflective surface is determined by the color and surface
texture of the rotary head, brass and aluminum are individually used to fabricate the rotary head to
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Figure 4.2: Fiberoptic rotation sensor prototype: (a) SMA torsion module integrated with
a fiberoptic rotation sensor, (b) type I rotary head made of aluminum, and (c) type II rotary
head made of brass.
Two different profiles are designed for the reflective surface of the rotary head, as shown in
Figure 4.1(c). The type I rotary head has a tilted, flat reflective surface and the type II rotary head
has a 1.25 mm wide one-revolution spiral path around its circumference as the reflecting surface.
Figures 4.2(b) and (c) show a type I rotary head made of aluminum and a type II rotary head made of
brass, respectively. Both designs have an outer diameter of 5.5 mm. There is a 2 mm diameter hole
in the center of the rotary head and a 1.2 mm diameter hole in the bottom of the sensor housing to
pass through lead wires and slender tools, such as a suction tubing and electrocauterization wiring.
In Figures 4.2(b) and (c), the green dot and red dot represent the highest point and lowest point on
the reflective surface, respectively. The blue dot represents the projection of the green dot onto a
horizontal plane passing through the red dot. For both rotary heads, the height between the highest
point and lowest point is 3 mm. A 5-axis CNC milling machine is used to fabricate the rotary
heads and the reflective surface is manually polished using sandpapers with polishing compound.
Compared to the type I rotary head, it takes more effort to fabricate and polish the type II rotary
head due to its more complex reflective surface.
4.1.2 Second/Third Generation: Multiple Fiber Sets
Figure 4.3(a) shows the exploded view of the NICHE robot equipped with the second-generation
fiberoptic rotation sensor. Compared with the first generation, several changes have been made as
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follows: 1) Three (see Figure 4.3(b)) or more fiber sets are used and installed in the sensor housing;
2) only the model FU-24X fiber set is utilized as the sensing element since it outperforms the model
FU-24 fiber set, which will be discussed in Section 4.3.1; 3) the brass type I rotary head is used
as the sensor rotor, since it outperforms rotary heads of other designs and materials, which will be
discussed in Section 4.3.1. To address the challenge in manually polishing the reflective surface,
a new method is proposed to fabricate the type I rotary head for the third-generation sensor. The
rotary head is made of a 3D-printed plastic base with a tilted top surface and a brass mirror, which
are bonded together using super glue, as shown in Figures 4.4(a) and (b).
The fabrication of the brass mirror includes the following steps: 1) Elliptical discs with an el-
liptical hole per disc is cut from a 0.8 mm thick polished brass sheet using wire electric discharge
machining (EDM); 2) since the polished surface is contaminated during machining, debris are re-
moved by rinsing the discs using acetone and isopropyl alcohol (IPA); 3) the discs are bonded to a
glass wafer around the center using wax on a substrate bonder (Logitech, Glasgow, UK), as shown
in Figure 4.4(c); 4) the glass wafer with brass discs on it is mounted to a PM5 silicon wafer polisher
(Logitech, Glasgow, UK) to polish the brass discs for 2 hours using a Colloidal Silica type polish-
ing suspension (MetLab Corporation, Niagara Falls, NY, USA), as shown in Figure 4.4(d); 5) the



















Figure 4.3: Design of the second-generation fiberoptic rotation sensor: (a) exploded view
of NICHE robot assembly and (b) exploded view of the fiberoptic rotation sensor with the







Figure 4.4: Fabrication of the reflective sensor rotor: (a) 3D-printed rotor with a brass
micro mirror, (b) microscopic view of the brass micro mirror, (c) bonding brass disks onto
a glass wafer before polishing, and (d) polishing brass disks using a wafer polisher.
soaking the wax using nonwoven wipers; 6) the brass discs are rinsed by trichloroethylene (TCE),
acetone, and IPA to remove the remaining wax and debris. Compared to previous methods, this
method allows batch fabrication and processing to achieve higher surface smoothness, improved
efficiency, and more consistent results.
4.2 Light Intensity Modulation Modeling
4.2.1 Coordinate Frame Definition
Figures 4.5(a) to (c) show the schematics of an optical fiber set transmitting a light beam towards the
type I and type II rotary heads, respectively. The red line represents the center of the light beam with
the maximum intensity and the pink shadow represents beam divergence. The distance traveled by
the light beam before reaching the reflective surface is determined by the relative rotation between
the rotary head and the fiber set. To model the working principle, the transmitting and receiving
fibers are assumed to be coaxial in the fiber set, due to the compact arrangement and small diameter
of the optical fibers. As shown in Figures 4.5(a) and (b), a local coordinate frame {Fs} is fixed on
the rotary head. The xs-axis points to the lowest position on the reflective surface (red dot) and the
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Figure 4.5: Geometrical optics for the reflective rotor: (a) optical fibers transmitting a light
beam towards the type I rotary head, (b) optical fibers transmitting a light beam towards the
type II rotary head, and (c) light beam towards the reflecting point, D, on the type I rotary
head in xs-zs plane.
zs-axis is aligned with the rotation axis pointing to the optical fibers. For the easiness of modeling,
the rotation of the rotary head with respect to the fixed optical fibers is regarded as an equivalent
rotation of the optical fibers about the zs-axis in the opposite direction.
Since the optical fibers are parallel to the rotation axis, the reflecting point, D, on the reflective








where θ is the rotation angle of the optical fibers with respect to the xs-axis, and Cθ and Sθ denote
the cos and sin functions of θ, respectively. The distance between the lowest position (red dot in
Figure 4.5) and highest position (green dot in Figure 4.5) on the reflective surface along the zs-axis
is denoted asH . Both rotary heads have the same radius and it is denoted as rs. Figure 4.5(c) shows
the schematic of the type I rotary head in the xs-zs plane, which is used to derive the position of D






For the type II rotary head, since the reflective surface is a spiral path, the position of D along the





Therefore, the traveled distance of the light beam when it reaches the reflective surface is given by:
h = hm +H − zd (4.4)
where hm is the distance from the origin of {Fs} to the tip of fiber set along the zs-axis.
4.2.2 LIM for the First Generation
Figure 4.6 shows the principle of the light intensity modulation for the first-generation rotation
sensor with one fiber set. The reflecting plane is tangential to the reflective surface through the
reflecting point. Due to the reflecting plane, the light beam is transmitted virtually by optical fibers
beneath the reflecting plane, as shown in Figure 4.6. The tip centers of the transmitting fibers,
receiving fibers, and virtual transmitting fibers are denoted byA, B, andA′, respectively. Point C is
a projected point to the reflected light beam from A or B. The distance from the virtual transmitting
fibers to the receiving fibers along the reflective light beam is given by:
A′C = h+ hC2α (4.5)
where α is the tilt angle of the reflecting plane and α = atan2(H, 2rs). The distance from the
receiving fibers to C is given by:
BC = hS2α (4.6)
As shown in Figure 4.6, the intensity distribution of the light beam at the tip of the virtual








where r is the distance to A′, I ′t0 is the maximum light intensity at A
























Figure 4.6: Modulation of the light intensity received by the optical fibers for the first-
generation sensor.
at 1/e of the maximum intensity. It is hypothesized the intensity distribution of the transmitted light
beam remains in the form of a Gaussian distribution, while its width changes nonlinearily verus the
distance to the tip center of the transmitting fibers [102]. Therefore, the light intensity distribution





where Ir0 is the maximum light intensity at C and wr is the Gaussian width at 1/e of the maximum
intensity. Note that I ′t0 is smaller than the maximum light intensity at A for the transmitting fiber,
since the light reflective rate for the reflective surface is smaller than one. By approximating the
nonlinear relationship between wr and A′C by a conical beam profile [103], we have:
wr = wt + 2A′C tan γ, (4.9)
where γ is a divergence angle determined by the fiber set and light source. The total light flux for a




I(r)2πrdr = πw2I0/4 (4.10)
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where I0 is the maximum light intensity at this point and w is the half width at 1/e of the maximum
intensity. Since the total light flux remains as a constant along the path of the transmitted light beam,
the total light flux around A′, Φt, is equal to the total light flux around C, Φr, which yields:
Φt = Φr ⇒ Ir0 = w2t I ′t0/w2r (4.11)
It is assumed that the light intensity at the tip of the fiber set is uniform due to the small diameter
of the receiving fibers. Since the voltage output of the signal conditioner is proportional to the light





where kv represents the conversion rate from light flux to voltage output by photo sensors, σr
represents the attenuation of light flux in optical fibers, Ar is the cross-section area of the receiving
fibers.
4.2.3 LIM for the Second/Third Generation
The model for the first-generation sensor with one fiber set is extended for the second/third-generation
sensor by considering the contributions made by multiple optical fiber sets. As shown in Fig-
ure 4.7(a), a local coordinate frame {Fs} is fixed on the sensor rotor with the xs-axis pointing to the
lowest point on the reflective surface and the zs-axis aligned with the rotation axis. Figures 4.7(a)
and (b) show that three and four optical fiber sets are equally spaced around the rotor and emit light
beams towards the reflective surface, respectively.
Generally, when M optical fiber sets are employed, the rotation angle of each fiber set with
respect to the xs-axis is given by: θi = θ + i−1M 2π, where i ∈ {1, 2, ...,M}. The measurement
precision will probably increase when more optical fiber sets are employed. In the current system,
three fiber sets are used to keep the device compact. In the actual system, the clockwise rotation of
the sensor rotor in the top view of Figure 4.7(a) is defined to be positive. As shown in Figures 4.7(a),
(b), and (c), Ai, Bi, A′i, and Di denote the the tips of the transmitting fibers, receiving fibers, virtual






















Figure 4.7: Working principle of the second-generation sensor: (a) three optical fiber sets
pointing to the reflective sensor rotor, (b) four optical fiber sets pointing to the reflective
sensor rotor, (c) one optical fiber set transmitting light to the sensor rotor in the xs-zs plane,
and (d) light beam transmitted and received by two different optical fiber sets in the second-
generation sensor.
respectively. Based on the geometry of the sensor rotor, as shown in Figure 4.7(b), the position of
Ai, Bi, and Di is given by:
Ai = Bi =
ï











where rd is the distance from the center of the fiber set to the rotation axis, rs is the radius of the
sensor rotor, hm is the distance from the optical fibers to the highest point on the reflective surface
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along the zs-axis, and H is the distance between the lowest point and the highest point on the
reflective surface along the zs-axis. Therefore, the travel distance of the light beam before reflection
can be denoted by AiDi and AiDi = A′iDi due to the property of light reflection, as shown in
Figure 4.7(c).
Intuitively, the light intensity received by the receiving fibers is modulated byAiDi as a function
of the rotation angle, θi. Due to the light beam divergence, the light beam emitted by a transmitting
fiber has effect on all the optical fiber sets. Hereby, Iij denotes the light intensity that is generated
and received by the ith and jth optical fiber set, respectively. Figure 4.7(c) shows the principle
of LIM for the second-generation sensor. Point Cij denotes the closet point to Bj along the ith
reflected light beam. As we have discussed in the previous subsections, the changes of CijBj and
CijA′i due to the rotation of the sensor rotor affect Iij . To compute Iij , the vector form of the i
th
reflected light beam is given by:
ri = Di + tvi (4.15)
where t ∈ R and vi denotes the vector normal to the reflective surface. Considering the definition






where α is the tilt angle of the reflective surface with respect to the bottom surface of the rotor and
it is given by: α = atan2(H, 2rs). Thus, the position of Cij is given by:
Cij = Di +
(Bj −Di) · vi
‖vi‖2
vi (4.17)
Based on the position of Cij , CijBj and CijA′i can be calculated. By following the same process
from Equation (4.7) to Equation (4.11), the light distribution around A′i and Cij can be modeled. It
is assumed that the total light flux received by a fiber set is the linear summation of the light flux







where the definitions of kv, σr, and Ar are the same as the definitions for Equation (4.12). Thus,
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the sensor output is a vector comprised of the voltage outputs of all the fiber sets, which yields:
V (θ) =
ï
U1 U2 · · · UM
ò
(4.19)
The sensitivity is thereby defined as: Sθ =‖ dV (θ)dθ ‖. Figure 4.8(a) shows the simulation results of
the normalized sensitivity versus rotation angle based on this definition and the developed model.
Figure 4.8(b) shows the change of the normalized sensitivity versus the number of fiber sets. In this
study, it is determined to use three fiber sets for the second-generation sensor since it can achieve
sufficiently high average sensitivity while maintaining the compact footprint of the device.
4.3 Preliminary Studies and Calibration
4.3.1 Performance Comparison
To optimize the sensor design, several experimental studies are performed using the first-generation
sensor with one fiber set. Figure 4.9 shows the experimental setup comprised of a fiberoptic rotation
sensor and a DC motor equipped with a 1024:1 gearhead (Faulhaber, Switzerland). The motor
is capable of rotating the sensor shaft via a connective shaft between them. Meanwhile, a high-
resolution optical rotary encoder (CUI Inc., USA) is mounted on the connective shaft to directly
measure the rotation angle. The rotation sensor is rotated back and forth stepwise by one revolution
with a 1◦ step size per second. The home position is manually set at a rotation angle where the
voltage output by the fiberoptic rotation sensor is close to the minimum. A moving average filter is
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Figure 4.8: Simulation results of sensitivity: (a) normalized sensitivity versus rotation angle












Figure 4.9: Experimental setup for comparing the working performance of different designs
and verifying the developed model for the first-generation sensor.
employed to smooth the voltage output of the signal conditioner.
In the first study, the performances between a brass type I rotary head and a aluminum type
II rotary head are compared using the model FU-24X optical fibers. Figure 4.10(a) shows that a
large measurement range can be achieved by both devices, while the voltage output of the sensor
with the brass rotary head is slightly larger, probably due to the different light reflective rates for
reflective surfaces with different colors and surface textures. The difference in the output voltage is
also probably caused by the discrepancy in polishing the reflective surface.
In the second study, the performances between two models of optical fibers are compared using
the brass type I rotary head. Figure 4.10(b) shows that the model FU-24X fiber set has a larger
measurement range than the model FU-46 fiber set. This is probably because the model FU-24X
fiber set contains more receiving optical fibers, resulting in higher sensitivity than the model FU-46
fiber set when h is large. Although the rate of the change of h is small when h is small for the type
I rotary head, the sensitivity of the optical fibers increases rapidly when the target becomes closer.
Hence, the voltage output oscillates around the peak when h is close to the minimum, as shown in
Figure 4.10(b). The choppy output is more obvious for the model FU-46 fiber set, probably because
its sensitivity becomes too high when h is small.
In the third study, the performance between a type I rotary head and a type II rotary head, both
of which are made of brass, are compared using the model FU-24X optical fiber. Figure 4.10(c)
shows that the voltage output for the type II rotary head has a rapid drop when the rotation angle
passes 200◦ due to the step change in the spiral reflective path. The voltage output for the type II
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1st test for brass
2nd test for brass
3rd test for brass
1st test for aluminum
2nd test for aluminum
3rd test for aluminum
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1st test for FU-24X
2nd test for FU-24X
3rd test for FU-24X
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2nd test for FU-46
3rd test for FU-46
(b)












1st test for type I
2nd test for type I
3rd test for type I
1st test for type II
2nd test for type II
3rd test for type II
(c)
Figure 4.10: Experimental results for different designs of the first-generation sensor: (a)
comparing two type I rotary heads made of brass and aluminum, (b) comparing two differ-
ent off-the-shelf optical fiber sets, (c) comparing a brass type I rotary head and a brass type
II rotary head.
rotary head is less smooth, probably due to the difficulty in polishing its spiral path. The voltage
output for the type II rotary head is also larger, probably due to the light reflection at the sidewall
other surfaces in addition to the spiral path. Figure 4.10(c) shows good uniformity among different
tests and negligible hysteresis between positive motion and negative motion.
Thus, the combination of a brass type I rotary head and a model FU-24X optical fiber set is the
optimal choice for a fiberoptic rotation sensor. Note that three individual tests were conducted in
each of the above studies. A supplementary study is carried out by measuring the voltage output in
60 s when the rotation angle is fixed. It is observed that the output signal has an average fluctuation
of 1.9 mV, 1.7 mV, and 2.2 mV with negligible drift over time when the rotation angle is fixed at
0◦, 90◦, and 180◦, respectively. In each test, a black vinyl tape was wrapped outside the rotation
sensor after 30 s to mimic the illumination change when the rotation sensor is used in in vivo




To verify the derived model for the fiberoptic rotation sensor, the least-squares approach is used
to fit the derived model with experimental data presented in the previous subsection. According
to the model equations in Section 4.2, several parameters need to be determined. The geometric
parameters, including hm, H , rd and rs, are determined in the design process. The fiberoptic
parameter, γ, is obtained from the specification sheet of the off-the-shelf optical fiber sets. The value
of wt has a negligible effect on the voltage output since it is much smaller than the second item in
Equation (4.9). By normalizing Equation (4.12) and the experimental data, the characterization of
the other parameters including kv, σr, Ar, and I ′t0 is not required for model verification.
During the implementation of the least-squares approach, the home position is searched to
achieve the best fitting result. By individually fitting the normalized model with the normalized
experimental data for the type I rotary head and type II rotary head, the results are shown in Fig-
ures 4.11(a) and (b), respectively. The RMSEs for the brass type I rotary head and the brass type
II rotary head are equal to 0.04 and 0.17, respectively, and the R2 values for them are equal to 0.98
and 0.54, respectively. Therefore, the derived model has successfully modeled the response of a
first-generation fiberoptic rotation sensor composed of the type I rotary head. Although there is
a relatively large discrepancy between the model prediction and experimental data for the type II
rotary head, the model has captured the major response of the sensor. The discrepancy is primarily
caused by the following factors: a) roughness of the reflective surface, b) unmodeled light reflection
(a)

















1st test for type I
2nd test for type I
3rd test for type I
model prediction
(b)

















1st test for type II
2nd test for type II
3rd test for type II
model prediction
Figure 4.11: Normalized experimental results when the shaft of the first-generation sensor
is rotated by 360◦: (a) RMSE is 0.04 and R2 value is 0.98 for the brass type I rotary head
and (b) RMSE is 0.17 and R2 value is 0.54 for the brass type II rotary head.
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by the sidewall of the rotary head, and c) unmodeled transition of the diverged light beam from the
highest position to the lowest position on the spiral path. The better model prediction for the type I
rotary head is another reason why it is used for the fiberoptic rotation sensor.
4.3.3 Calibration of the First Generation
Based on the above studies, a first-generation fiberoptic rotation sensor equipped with a brass type I
rotary head and a model FU-24X optical fiber set is developed. The experimental data for the type I
rotary head in Figure 4.10(c) is used to calibrate the mapping from voltage output to rotation angle.
The experimental data for the negative motion is linearly interpolated at the rotation angle for the
positive motion. As a result, the dashed line in Figure 4.12(a) shows the average of interpolated
results for the negative motion and the original results for the positive motion. Regions 1 and 3
and region 2 in Figure 4.12(a), corresponding to the basin and peak in Figure 4.10(c), respectively,
do not have a strict one-to-one mapping from voltage output to rotation angle, so linear fitting is
applied individually. For the remaining regions, a look-up table is made based on the experimental
data and the rotation angle and the voltage output between two sampled data points is computed by
linear interpolation.
To evaluate the working performance of the developed fiberoptic rotation sensor, the sensor is
actuated by a DC motor to follow sinusoidal references with different amplitude, As, and periodic


































































Figure 4.12: Calibration of the first-generation sensor: (a) rotation angle versus sensor
output (R2 values for the linear fitting 1, 2, and 3 are 0.98, 0.88, and 0.55, respectively)
and (b) comparing the measurements of the rotary encoder and the developed fiberoptic
rotation sensor (RMSEs are 2.27◦, 2.06◦, 4.36◦, and 5.99◦ for the tests when (As, Ts) is
equal to (120◦, 120 s), (120◦, 60 s), (120◦, 30 s), and (240◦, 120 s), respectively).
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time, Ts, using the setup shown in Figure 4.9. The comparison between the measurements of the
fiberoptic rotation sensor and the rotary encoder is shown in Figure 4.12(b). It is observed that the
measurement is less precise when the rotation speed is increased (Ts is equal to 30 s), probably
due to the slight decentration of the rotary head at high speed. When As is increased to 180◦, two
rotation angles probably exist for a particular voltage output. Thus, the timing of using the linear
fitting results in region 2 is assumed to be pre-known based on the commands to the DC motor. The
measurement error is further increased whenAs is equal to 240◦, due to the error in the linear fitting
for region 2.
4.3.4 Calibration of the Second/Third Generation
Figure 4.13 shows the experimental setup for the calibration of the second-generation fiberoptic
rotation sensor. A DC motor with a 128:1 gearhead (Maxon Motor, Sachseln, Switzerland) is con-
nected to the sensor shaft via a connecting link. Thereafter, the rotary head of the sensor is rotated
by the DC motor to follow a pre-designed trajectory. In the calibration tests, the stepwise trajectory
increases to 360◦ and then decreases to 0◦ at the speed of 0.1◦ per step per second for eight cycles.
During each step, the voltage output of each optical fiber set in the last 200 ms is averaged as the
voltage output for a particular rotation angle. Figure 4.14(a) shows the voltage output of three opti-
cal fiber sets, denoted as sensor A, B, and C, for the eight cycles. It is observed that the amplification
gains are different for these three fiber sets. The system shows good repeatability, as the root-mean-
square deviation with respect to the average is 2.0 mV, 1.1 mV, and 1.7 mV for the positive rotation
Rotation 






Figure 4.13: Experimental setup for calibrating the second-generation fiberoptic rotation
sensor.
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and 1.7 mV, 1.0 mV, and 1.5 mV for the negative rotation for sensor A, B, and C, respectively. The
systems also shows negligible hysteresis, since the difference of the average voltage is only 0.7 mV,
1.6 mV, and 2.1 mV between positive and negative rotation for sensor A, B, and C, respectively.
Figure 4.14(b) shows that the voltage output for the motion range from 0◦ to 360◦ forms two closed
loops for the positive and negative rotation, respectively, and the two loops overlap with each other.
Therefore, all the results for the eight positive cycles and eight negative cycles are averaged for the
calibration purpose. Due to the different amplification gains, the voltage change compared to the
minimum voltage output is computed and then normalized by the range of the voltage change, so
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Figure 4.14: Calibration of the second-generation sensor: (a) voltage output of three fiber
sets (A, B, and C) versus rotation angle when the sensor shaft rotates from 0◦ to 360◦ and
then to 0◦ for eight cycles, (b) 3D space formed by the voltage output of the three fiber sets
with showing negligible hysteresis, and (c) normalized average voltage output of the three
fiber sets.
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Figure 4.15: Calibration of the third-generation sensor: (a) voltage output of the three-
set sensor, (b) normalized output of the three-set sensor, (c) voltage output of the four-set
sensor, and (d) normalized output of the four-set sensor.
that the significance of the three optical fiber sets is equal when the normalized results are used for
calibration. Figure 4.14(c) shows the normalized voltage change with respect to the rotation angles.
The spacing between two neighboring peaks is about 120◦, which satisfies the developed model.
The same experimental setup and protocol are used to calibrate the third-generation sensor, ex-
cept that the step size is 1◦ per second. The performance of two sensors consisting three fiber sets
and four fiber sets, respectively, is compared. Figures 4.15(a) and (c) shows the average voltage
outputs for the three-set sensor and four-set sensor, respectively. The average hysteresis between
positive and negative rotation is 5.1 mV and 7.7 mV for the three-set sensor and four-set sensor, re-
spectively. The voltage outputs are normalized and compared with the model predictions, as shown
in Figures 4.15(b) and (d). The RMSE is 0.1453 and 0.1149 for the three-set sensor and four-set
sensor, respectively. The R2-value is 0.9044 and 0.9433 for the three-set sensor and four-set sensor,
respectively. Compared to the second generation (see Figure 4.14), the maximum voltage output
by the fiber set in the third-generation sensor is increased by about 6 times, due to the improved
reflective rate of the machine polished brass mirror.
77
4.4 Experimental Evaluation and Demonstration
4.4.1 Measurement Algorithm
The voltage output of the developed sensor obtained in the calibration tests forms a calibration space,
denoted by V c =
ï
V 1 V 2 . . . V N
òᵀ
, corresponding to a series of rotation angles, denoted by
θc =
ï
θ1 θ2 . . . θN
òᵀ
. N represents the volume of the calibration space and it is determined
by the step size during calibration. Due to the high tracking precision of the DC motor, θc is equal
to the angle references during the calibration tests. When multiple sets of optical fibers are used,
V k =
ï
Unk1 Uk2 . . . UkM
òᵀ
, where k ∈ {1, 2, . . . , N}.
To determine the rotation angle for a given set of voltage output by all the fiber sets, denoted as
V t =
ï
U1 U2 . . . UM
òᵀ
. V t is recursively compared with all the elements in V c to search the
optimal estimation of the rotation angle, θ̂l, which produces the minimum cost for the lth element in
V c. The cost between V k and V t is defined as the Euclidean distance between them and it is given
by: Ck = ‖V k − V t‖. An optimal rotation angle can be determined as the weighted average of a
pool of rotation angles with the minimum costs and each weight is the reciprocal of the individual
cost. The computation load increases proportionally as the pool size increases, but the improvement
of the measurement precision is insignificant if the step size during calibration is small. To reduce
the computation load, only the space near the previous optimal rotation angle needs to be explored,
due to the finite rotation speed of the SMA torsion module under finite heating current. It is observed
that when the search range is±5◦,±10◦, and±20◦, the computation takes about 0.66, 1.35, 2.90 ms
on average, respectively, using a desktop computer (Intel R© CoreTM i7-7700 CPU @ 3.60 GHz).
When the fiberoptic rotation sensor is used for the motion feedback of the SMA torsion mod-
ule, the rotation angle is measured using the above method at each time step. However, since the
calibrated rotation range is from 0◦ to 360◦, the boundary change between 0◦ and 360◦ needs to be
taken care of. When the torsion module rotates and passes the boundary, there will be an abrupt
change in the angle measurement. When the angular position stays around the boundary, the mea-
surement may jump between the two sides of the boundary due to measurement noise. To solve this
issue, when the change of the angle measurement is larger than a threshold, the angle measurement
is updated by keeping adding 360◦ to or subtracting 360◦ from the measurement until the change is
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smaller than the threshold.
4.4.2 Precision Evaluation
To evaluate the working performance of the developed rotation sensor, the rotary motion in each
calibration cycle is measured based on the averaged, normalized calibration results and compared
with the actual rotation angles. The histograms of measurement errors for the positive rotation and
negative rotation are shown in Figures 4.16(a) and (b), respectively. In each case, the histogram of
measurement errors has a Gaussian-like distribution. The RMSE and maximum error are equal to
1.13◦ and 8.10◦ for the positive rotation, respectively. The RMSE and maximum error are equal to
1.10◦ and 8.60◦ for the negative rotation, respectively. In Figure 4.16(c), the average measurement































































































Figure 4.16: Measurement error analysis for the second-generation sensor: (a,b) error his-
tograms of the measurements based on the average, normalized calibration results for (a)
positive rotation and (b) negative rotation, and (c) average measurement error and system
sensitivity versus rotation angle.
79



































































































































































Figure 4.17: Evaluation tests for the second-generation sensor: (a) Aθ = 180◦ and Tθ =
20 s, (b) Aθ = 180◦ and Tθ = 40 s, (c) Aθ = 360◦ and Tθ = 40 s, (d) Aθ = 360◦ and
Tθ = 80 s, (e) Aθ = 540◦ and Tθ = 60 s, and (f) Aθ = 540◦ and Tθ = 120 s. The rotation
angles are relative to the initial position.
that the higher the sensitivity, the higher the measurement precision. Thus, the sensitivity and
measurement error has an inverse correlation, as shown by the crests and troughs in Figure 4.16(c).
The calibration setup shown in Figure 4.13 is used to evaluate the measurement precision of the
second-generation fiberoptic rotation sensor. The DC motor is actuated to follow sinusoidal refer-
ences with different amplitudes, Aθ and periodic time, Tθ. The angles measured by the fiberoptic
rotation sensor are compared with the readings provided by the motor encoder. Due to the finite
speed of the SMA torsion module under finite heating current, a moving average filter is applied to
the measurements. Figure 4.17 shows the angle measurements before and after applying the low
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Table 4.1: Experimental results of sensor evaluation
Motion amplitude Periodic time RMSE Maximum error
Unit degree second degree degree
1 180 20 1.30 3.48
2 180 40 1.29 6.06
3 360 40 1.38 5.42
4 360 80 1.04 4.14
5 540 60 1.77 6.19
6 540 120 1.59 7.29
pass filter. The profiles show the relative angular position with respect to the home position. It is
observed that the measurement error is relatively large in the range corresponding to the crests of
the measurement errors in Figure 4.16(c). Table 4.1 summarizes the working performance and it is
observed that the measurement error increases when the rotation speed increases, probably due to
the reduced reliability of the frictional coupling between the shaft of the sensor and the shaft of the
torsion module for faster rotation.



























































































































Figure 4.18: Measurement error analysis for the third-generation sensor: (a,c) average
measurement error and sensitivity versus rotation angle for three-set sensor (a) and four-set
























































































































































































Figure 4.19: Evaluation tests for the second-generation sensor: (a) Tθ = 80 s, (b) Tθ =
60 s, (c) Tθ = 40 s, and (d) measurement error comparison.
studies. Figures 4.18(a) and (c) show the average measurement error over the cycles and sensitivity
versus the rotation angle. Same as the second generation, it is observed that the measurement error
is higher at rotation angles where the sensitivity is lower. The histograms of measurement errors for
the three-set sensor and four-set sensor are shown in Figures 4.18(b) and (d), respectively. Table 4.2
shows that the average measurement error is similar when using four fiber sets; however, the max-
imum error is reduced significantly by about 59%, since the minimum sensitivity is increased by
about 3.6 times. Their working performance is also compared with the second-generation sensor.
It is observed that although the maximum error is similar, the average error is reduced by 66.7%
by using the machine polished reflector in the third-generation. The measurement precision of the
third-generation sensor is evaluated for sinusoidal trajectories based on the calibration results, as
shown in Figure 4.19. The sensor shaft is rotated by the DC motor by following sinusoidal trajec-
tories with an amplitude of 360◦ and different periodic time, Tθ. The average error is 1.27◦, 1.54◦,
and 2.03◦ with a standard deviation of 1.15◦, 1.41◦, and 1.87◦ for the period time of 80 s, 60 s, and
40 s, respectively.
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Table 4.2: Comparison between 3-set sensor and 4-set sensor
2nd generation 3-set sensor 3rd generation 3-set sensor 3rd generation 4-set sensor Unit
Average error 1.2 0.40 0.37 degree
Maximum error 3.49 3.61 1.47 degree
Minimum sensitivity 0.21 1.8 8.3 mV/degree
4.4.3 Control with the First Generation
To evaluate the capability of the first-generation rotation sensor in controlling the SMA torsion
module, an experimental setup was developed as shown in Figure 4.20(a). The fiberoptic rotation
sensor is mounted on the SMA torsion module using super glue. After fixing the torsion module
with the rotation sensor on the setup, the output end of the shaft of the torsion module is connected
to a rotary encoder (US Digital R©, USA) via a connective shaft. Stepwise position references are
designed with a 30 s step time and a 40◦ step size for three steps. A PI controller is developed
based on the feedback of fiberoptic rotation sensor to selectively heat one of the SMA springs for
positive rotation. The PI controller calculates the required heating intensity and the heating intensity
is converted to the PWM intensity of the voltage input to a MOSFET (International Rectifier, USA)
between the SMA spring and the power supply. Figure 4.20(b) shows the comparison between the
designed references and the measurements by the rotary encoder. It shows that the SMA torsion
module can achieve relatively precise tracking with an average steady-state error of 0.21◦. The
difference in the transient response for the three steps is caused by the nonlinearity of the SMA
































Figure 4.20: Feedback control of the SMA torsion module integrated with the first-







































Figure 4.21: Feedback control of the tip articulation of the NICHE robot integrated with
the first-generation sensor: (a-b) initial (a) and final (b) robot configuration for a 120◦ step
input to the SMA torsion module, (c) measurements of the fiberoptic rotation sensor for
the step input, and (d) measurements of the fiberoptic rotation sensor for the linear position
references.
of-concept demonstrations. Figures 4.21(a) and (b) show the rotation of the SMA torsion module
for a 120◦ step input under a PI controller. Figure 4.21(c) shows the measurements of the fiberoptic
rotation sensor and the steady-state error is 0.16◦ at 35 s. A similar demonstration is performed with
linear references. As shown in Figure 4.21(d), the average tracking error is 1.27◦ and the steady-
state error is 0.19◦ at 60 s. Note that the actual tracking error is probably larger than the error based
on the measurements of the fiberoptic rotation sensor due to measurement errors.
4.4.4 Control with the Third Generation
To evaluate the working performance of the third-generation sensor, a NICHE robot integrated with
the third-generation sensor is fixed on a holder and a vision marker is placed at the robot tip, as
shown in Figure 4.22(a). A stereo camera is used to track the 3D position of the vision marker. The
power supply outputs a constant 2 A electric current and the heating intensity is controlled by a PI
controller using PWM, as described in Section 4.4.3. The upper limit of the duty cycle is set to be
30% to prevent overheating.
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To begin with the experiment, the bending tip is deflected by applying 1 A electric current for
5 s and the bending tip can maintain a slightly deflected configuration after the natural cooling of
the bending tip. Therefore, the vision marker follows a circular path when the torsion module is
energized. Figure 4.22(b) shows an image of the NICHE robot in the initial configuration acquired
by the stereo camera. The tracking reference is a 250◦ step input and the experiment is repeated
by three times. Before each test, the torsion module will be returned to the home position using
the method in Section 2.3.2. Figure 4.22(c) shows an image of the NICHE robot when it reaches






























































Figure 4.22: Feedback control of the tip articulation of the NICHE robot integrated with
the third-generation sensor: (a) experimental setup, (b) robot at the initial configuration,
(c) robot at the final configuration, (d) position of the vision marker in the x-y plane dur-
ing robot tip articulation, and (e) measurements by the third-generation fiberoptic rotation
sensor.
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marker has a negligible position variation in the z-axis and the position change in the x-y plane is
shown in Figure 4.22(d). The 2D position data in the three tests is individually fitted by a circle, so
that the rotation center can be estimated, as shown by the dots in Figure 4.22(d). Thus, the rotation
range can be computed based on the estimated rotation center and the position of the vision marker.
Figure 4.22(e) shows the measurements by the fiberoptic rotation sensor. The average steady-state
error is about 2.47◦ and the standard deviation value is about 3.62◦. The rotation radius is estimated
to be 7.5 mm, which means the positioning accuracy is about 0.32 mm. If the robot tip is deflected
more to achieve the maximum rotation radius and workspace, as shown in Figure 2.6, the positioning
error is about 0.86 mm. Therefore, the target positioning accuracy proposed in Chapter 2 can be
satisfied for a constant rotation radius of the robot tip.
4.5 Discussion and Conclusions
In this chapter, a fiberoptic rotation sensor is proposed for the motion feedback of the SMA torsion
module and the NICHE robot as presented in Chapter 2. The sensing module is primarily comprised
of a reflective rotary head mounted on the sensor shaft as well as one or multiple sets of optical
fibers. Each fiber set contains both transmitting and receiving fibers. The light beam emitted by
each fiber set can be modulated by the reflective rotary head, which can rotate with the torsion
module via the sensor shaft. Thus, the light intensity received by receiving fibers is modulated,
resulting into varying analog output. The working principle is analytically modeled by considering
the light flux into each fiber set from all fiber sets. The modeling shows that the sensitivity of the
device can be improved by using more sets of optical fibers. To improve sensitivity, a brass mirror is
fabricated and used as the reflective surface on the top of the rotary head in the latest generation. The
developed fiberoptic rotation sensor is experimentally calibrated. Based on the calibration results,
the developed sensor is capable of achieving high measurement precision down to about 1◦ for a
large range of motion. Experimental studies show that the average error is reduced by increasing
the reflective rate of the sensor reflector and the maximum error is reduced by using more optical
fiber sets. When the SMA torsion module is controlled in the closed-loop mode using the fiberoptic
rotation sensor, the NICHE robot can achieve sub-millimeter positioning accuracy.
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CHAPTER 5
LARGE-CURVATURE FBG BENDING SENSOR
It is challenging to precisely control the SMA bending module presented in Chapter 3 in an open-
loop manner due to the nonlinearity of SMA and uncertainties in environmental loading. This
chapter presents a Fiber Bragg grating (FBG) bending sensor for the motion feedback of the SMA
bending module as a prerequisite for potential closed-loop control. FBG shape sensing is promis-
ing for the SMA bending module, since it essentially satisfies the following requirements: 1) able
to measure multiple degrees-of-freedom (DoFs) simultaneously; 2) miniature and lightweight for
easy integration; 3) compatible with magnetic and radiative medical imaging environment. Since
the SMA bending module is capable of large-curvature deflection for challenging manipulation in
confined anatomical structures, the sensor should be able to measure large curvatures. In addition,
the sensor should be relatively flexible to minimize its influence to the motion capability of SMA
bending module, and robust to the temperature variation caused by SMA actuation.
The rest of this chapter is organized as follows. Section 5.2 presents the design, fabrication, and
installation of the FBG bending sensor. Section 5.3 presents the working principle of the sensor,
followed by the analysis of the sensitivity through model-based simulations. Section 5.4 presents
several experimental studies to calibrate the sensor and evaluate the sensor integrated with the SMA
bending module. Section 5.5 concludes the chapter.
5.1 Hardware Development
5.1.1 Sensor Design
The design of the FBG bending sensor integrated with the SMA bending module integrated is shown
in Figure 5.1(a). As presented in Chapter 3, the SMA bending module consists of two rigid links
and a pair of antagonistic SMA wires between the two links. The bending module can be deflected
bi-directionally by heating individual SMA wires. By integrating multiple SMA bending modules.



























Figure 5.1: System design and fabrication: (a) SMA bending module integrated with the
FBG bending sensor, (b) design of the FBG bending sensor, and (c) fabrication of the FBG
bending sensor.
bending sensor is physically and thermally insulated from external tissue and blood.
Figure 5.1(b) shows the design of the FBG bending sensor. The sensor is comprised of two
190 µm diameter FBG fibers (FBGS, Jena, Germany) with a grating segment per fiber and each
fiber is bonded onto one side of an ultra-thin superelastic Nitinol substrate using adhesive. Since
the two FBG fibers are orthogonal to the two SMA wires, as shown in Figure 5.1(a), the two grating
segments will be symmetrically heated when one of the SMA wires is thermally actuated, resulting
in the equivalent change in the performance characteristics of the two FBG fibers. If the FBG fiber
contain multiple grating segments and multiple substrates are used, a multi-DoF bending sensor
can be developed. In this study, we focus on the development of an one-DoF FBG bending sensor
for the SMA bending module. To integrate the sensor with the SMA bending module, a sliding
hole is made in the center of each rigid link to accommodate the FBG bending sensor, as shown in
Figure 5.1(a). The proximal end of the sensor is fixed inside the sliding hole of the proximal link,
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while the distal end is allowed to slide in the hole when the bending sensor is deflected. If both
ends are fixed, the sensor will tend to buckle due to the flexibility of the sensor. The FBG fibers
are connected to a signal interrogator (FBGS, Jena, Germany), which transmits a light beam into
each FBG fiber. Due to the grating segment on the FBG fiber, light of a particular wavelength is
reflected and measured by the interrogator. Once the sensor is deflected, the measured wavelength
of the reflected light will be shifted. Based on the properties of the FBG fiber, the wavelength shift
is proportional to the axial strain in the fiber, which is further correlated to the curvature of the
bending sensor. The details of the working principle will be explained in Section 5.2.
5.1.2 Sensor Fabrication
The ultra-thin Nitinol substrate is 76.2 µm in thickness and 800 µm in width. It is fabricated by
cutting a strip from a superelastic Nitinol film (Kellogg’s Research Labs, Hudson, NH, USA) using
wire EDM. As show in Figure 5.2(a), the heat affected zone on the substrate is negligible. To bond
FBG fibers onto the substrate, a jig in 3D-printed in plastic material and used to ensure the alignment
between the fibers and substrate during the bonding process, as shown in Figure 5.1(c). The first
step is to place the substrate inside the recess in the center of the jig. Flexible ultraviolet (UV)-cured
glue (Solarez, Vista, CA, USA) is then applied along the centerline of the substrate. By pressing
the FBG fiber into the grooves on the jig, the FBG fiber is aligned with the substrate. Since the
500 
Figure 5.2: System prototypes: (a) superelastic Nitinol strip, (b) FBG bending sensor,
(c) zoom-in sagittal view of the sensor, and (d) SMA bending module integrated with the
sensor.
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grating segment is located between the two markers on the fiber, the centers of the grating segment
and the substrate can be manually aligned. By shining UV light for 30 s while pressing the fiber
against the substrate using a pressing piece, the FBG fiber is bonded with the substrate. The other
FBG fiber can be bonded in the same way. Thereafter, UV-cured glue is evenly applied along the
two FBG fibers and then cured to secure the bonding. In the end, the fabricated sensor is inserted
through the sliding holes of the SMA bending module. Super glue is used to fix the proximal end
in the sliding hole and grease is applied on the distal end to reduce the friction in the sliding hole.
Figures 5.2(b) and (c) show the overview and close-up view of the substrate with an FBG fiber on
one side. Figure 5.2(d) shows the SMA bending module equipped with the FBG bending sensor.
5.2 Sensor Modeling
5.2.1 Fiber Bragg Grating
The wavelength of the reflected light in an FBG fiber is determined by the effective refractive index
of the grating as well as the grating period. Both are linearly affected by the axial strain and tem-
perature. It is assumed the initial axial strain is zero. Thus, the wavelength shift is given by [104]:
∆λ = kT∆T + kεε
0
f (5.1)
where ∆λ, ∆T , and ε0f are the wavelength shift, temperature change, and axial strain, respectively.
kT and kε are the coefficients for the influence of temperature and strain, respectively. When the
SMA wires of the bending module are energized, the temperature of the grating segments will vary
due to natural convection. Due to the orthogonal placement of the SMA wires and FBG fibers
(see Figure 5.1), the temperature changes of the two grating segments are equivalent, which will be
verified in Section IV.B. Thus, the temperature influence can be compensated by using the difference
between the wavelength shifts of the two fibers as the sensor output, which yields:
y = ∆λ1 −∆λ2 = kε(ε0f1 − ε0f2) (5.2)
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where y, ∆λi and ε0fi (i = 1 or 2) are the sensor output, wavelength shift, axial strain, respectively.
The curvature is assumed to be consistent along the grating segments. Thus, the modeling objective
is to find the relationship between y and the sensor curvature, κ.
5.2.2 Strain Transfer Model
Since the adhesive and the coating layer of the FBG fibers are flexible, the shear stress across them is
the primary stress that induces normal strain in the fibers. Thus, a strain transfer model is developed
to model the working principle of the proposed sensor. A simplified analytical model is adapted
from [69] and shown in Figure 5.3(a). The analytical model consists of a substrate in the middle
with an adhesive layer, a coating layer, and a fiber core on each side. The properties of these layers
are denoted by variables with subscripts ‘s’, ‘a’, ‘c’, and ‘f ’, respectively. If a subscript contains ‘i’
(1 or 2), the corresponding variable is particularly for the upper or lower layers, respectively. When
the sensor is deflected as shown in Figure 5.2(b), positive and negative normal strain will be induced
on the top surface of the substrate and the bottom surface of the upper fiber core, respectively. The
potential relative displacement between these two surfaces will induce shear stress in the coating
layer and adhesive, which compresses the substrate and stretches the fiber core in return. Hence,
positive axial strain will be induced in the upper fiber core. The same principle can be applied to
explain the negative axial strain in the lower fiber core. The adhesive and coating on the two sides
and above the core of the FBG fiber are neglected, as their contributions to axial strain in the fiber
core is negligible [105].
In this work, it is assumed that only longitudinal shear stress is transferred in the coating and
adhesive. For each circular sub-layer of the coating, the shear force applied on its upper surface is
equal to that applied on its lower surface. Thus, the shear stress, τc, is inversely proportional to the
radius of the sub-layer, r, which yields: τc(r, θ, x) = rcr τac(θ, x), where τac and rc are the shear
force and radius at the coating-adhesive interface, respectively. The definitions of θ and x are shown
in Figure 5.3. The difference between the displacements of the substrate-adhesive interface and the
core-coating interface, ∆ui, is given by:
∆u1 = u
+s









































































f1 , and u
+s
f2 are the displacement at the top surface of the substrate, bottom
surface of the substrate, bottom surface of the upper fiber core, and top surface of the lower fiber
core, respectively. Based on the assumptions of linear elasticity and uniform strain in the half length
of the substrate, shear stress in the coating and adhesive is determined by ∆ui, and the shear force














where Ls, hai, rf , rc, Ga, and Gc are the sensor length, adhesive thickness, fiber core radius,
adhesive-coating interface radius, shear modulus of the adhesive, and shear modulus of the coating,
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respectively. Note that adhesive thickness, hai, is probably different for the upper and lower layers
due to fabrication variance. In the curved configuration shown in Figure 5.3(b), the shear force in
the upper layers stretches the fiber core and compresses the substrate, while the shear force in the
lower layers compresses the fiber core and stretches the substrate. Thus, the induced axial strain in
the substrate, ε0s, upper fiber core, ε
0
f1, and lower fiber core, ε
0











where bs, ts,Es, andEf are the substrate width, substrate thickness, substrate Young’s modulus, and
fiber core Young’s modulus, respectively. Since the displacements at the coating-core interface and

























By substituting Equations (5.7) and (5.8) into Equation (5.5), and then substituting the results into
Equation (5.6), the axial strain of the fiber cores and substrate can be derived. The difference
between the axial strain of the two fibers is thereby calculated and the sensor output is given by:
y = Sκ =
kεKf (I1 + I2 + 4KsI1I2 + 2KfI1I2)(
ts
2 + rf )





















The modeling results show that the proposed sensor has a constant sensitivity, denoted by S.
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5.2.3 Simulations
Two special cases are considered. In case I, the two adhesive layers are assumed to have the same
thickness. Thus, I1 = I2 = I and the sensitivity is rewritten as:
S =
kεKfI(ts + 2rf )
4(1 +KfI)
(5.12)
In case II, only one FBG fiber is bonded with the substrate (unilateral design). Without loss of
generality, the upper fiber in Figure 5.3 is assumed to be bonded. Thus, I1 = I and I2 = 0, and the
sensitivity can be rewritten as:
S =
kεKfI(ts + 2rf )
2(1 +KsI +KfI)
(5.13)
These two equations show that the sensitivity is independent of Es and bs, but linearly changes
against ts. Since the bending sensor should possess sufficient sensitivity and low bending stiffness,
and the bending stiffness of the substrate is proportional to bs, Es, and the cube of ts, Es and bs is
preferred to be small. Since ts affects the bending stiffness more significantly than the sensitivity,
ts should be sufficiently small. Hence, the substrate is designed to be ultra-thin and fabricated from
an ultra-thin superelastic Nitinol film. It is not practical to adjust some of the design parameters,
including Ls, rf , Gc, and Gf , since Ls is determined by the length of the bending module, and rf ,
Gc, and Gf are determined by the off-the-shelf FBG fibers. The influence of Ga, ha, are rc on the
sensitivity is investigated by conducting model-based simulations. The value of Ga can potentially
be adjusted by mixing flexible and rigid UV-cured glue. By fixing the values of other parameters,
which are provided by manufacturers and listed in Table 5.1, the sensitivity against Ga is simulated
for both cases. ha will be experimentally estimated in Section IV.A.
As shown in Figure 5.4(a), the sensitivity increases with increasing Ga and asymptotically con-
verges to about 240.4 pm and 96.5 pm for case I and case II, respectively. This is because the shear
force increases when the shear modulus increases for a certain amount of potential relative displace-
ment. The value of ha can potentially be adjusted by controlling the force applied to press the fiber
Table 5.1: Mechanical properties of FBG bending sensor
Ef Gc Ga Es rf rc bs ts lf ha
GPa GPa MPa GPa µm µm µm µm mm µm
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Figure 5.4: Simulation results: (a) sensitivity versus adhesive shear modulus, Ga, (b) sen-
sitivity versus adhesive thickness, ts, (c) sensitivity versus coating thickness, rc − rf , (d)
strain at the upper and lower edges of the upper and lower fibers versus curvature for current
design, (e) maximum strain in the fibers versus adhesive shear modulus at the curvature of
100 m−1, and (f) maximum strain in the fibers versus adhesive thickness at the curvature
of 100 m−1. Ratio is the sensitivity of case I to case II. The red dot indicates the current
design.
against the substrate during UV curing. As shown in Figure 5.4(b), the sensitivity decreases as the
adhesive thickness increases and asymptotically converges to zero for both cases. This is because
the shear strain decreases if the adhesive thickness increases, resulting in smaller shear force that
induces smaller axial strain. The value of rc can potentially be adjusted by customizing the coating.
The lower and upper limits of rc are set to be rf and bs2 , respectively. As shown in Figure 5.4(c),
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by increasing the coating thickness, rc − rf , the sensitivity is improved for both cases. Since the
shear modulus of the coating is much higher than that of the adhesive, the average shear modulus
increases when the coating thickness increases, resulting in the increase of the shear stress. These
simulation results also show that the sensitivity ratio between case I and case II is almost two and
the improvement of the sensitivity by adjusting Ga, ha, and rc is possible but limited. To keep the
normal strain of the fibers under the strain limit (0.5% [70]), the strain at the upper and lower edges
of the two fibers at different curvatures is simulated, as shown in Figure 5.4(d). It shows that the
maximum strain (absolute value) occurs at the upper edge of the upper fiber and the lower edge of
the lower fiber. The maximum strain can be kept within the strain limit at large curvatures due to
the flexible adhesive and ultra-thin substrate . Figures 5.4(e) and 5.4(f) show the change of the max-
imum strain versus adhesive shear modulus and adhesive thickness, respectively, at the curvature of
100 m−1.
5.3 Experimental Studies
This section presents the experimental evaluation of the FBG bending sensor. I would like to ac-
knowledge Ms. Nancy J. Deaton for collaborating on the experiments and data analysis.
5.3.1 Model Evaluation
The developed model was experimentally evaluated by using a unilateral bending sensor. As shown
in Figure 5.5(a), a mold with curved slots of different curvatures (0 to 66.67 m−1) is 3D-printed
in plastic material. After constraining the sensor inside a curved slot, the wavelength shift is mea-
sured. The test was repeated by three times for each curvature. Figure 5.5(b) shows the wavelength
shift versus the slot curvature. Based on Equation (5.13), the adhesive thickness is estimated to be
170 µm using the least-square approach. The RMSE and R2-value are about 123 pm and 0.9543,
respectively. The close match between the model predictions and experimental results proves the
validity of the developed model, which can serve as a tool to optimize the sensor design in the fu-
ture. The difference between the model predictions and experimental results can be explained by
the normal force applied by the sidewall of the slots on the sensor, asymmetry of the adhesive along


























Figure 5.5: Experimental model evaluation: (a) bending sensor constrained in a curved slot
on a model and (b) comparison between the experimental results with model predictions.
and model uncertainty. The adhesive thickness is primarily determined by the manual force applied
on the fiber against the substrate, as shown in Figure 5.1(c). It may vary across fabricated sensors,
but it is not an issue since each sensor can be individually calibrated. In addition, the influence of
the difference in adhesive thickness on the sensitivity becomes insignificant when the adhesive is
thicker than 100 µm, as shown in Figure 5.4(b).
5.3.2 Temperature Influence on Sensor Output
To evaluate the influence of temperature variation on FBG sensing, the grating segment of an FBG
fiber was heated on a hot plate and an RTD sensor was bonded with the grating segment to mea-
sure the temperature. As shown in Figure 5.6(a), the wavelength shift changes against tempera-
ture linearly. By using linear regression, the sensitivity, RMSE, and R2-value are estimated to be
13.22 pm/oC, 5.37 pm/oC, and 0.9994, respectively. Another test was performed to verify the equiv-
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Figure 5.6: Analysis of temperature influence: (a) wavelength shift with temperature










Figure 5.7: Experimental setup: (a) photo showing vision markers attached to the SMA
bending module and (b) schematic showing the placement of RTD sensors.
alent temperature changes of the two grating segments in the SMA bending module. As shown in
Figures 5.7(a) and (b), two RTD sensors are bonded on the two sides of the bending sensor. Constant
electric current was applied to one SMA wire and the test was repeated by three times for each cur-
rent level. Figure 5.6(b) shows the average temperature change versus time. The average difference
between the temperature measurements of the two RTD sensors is about 0.073 oC, which proves the
equivalent temperature changes of the two grating segments due to the orthogonal configuration of
the FBG fibers and SMA wires.
5.3.3 Sensor Influence on Motion Range
To evaluate the influence of the developed sensor on the motion capability of the SMA bending
module, the sensor was integrated with an SMA bending module. The bending module was actuated
bi-directionally for 40 cycles, while the motion range was measured by tracking the two markers
With Sensor (ws)
Without Sensor (ns)































Figure 5.8: Motion range of the SMA bending module versus motion cycles (sensor is
removed after the 21st cycle).
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attached on the bending module using a stereoscopic camera, as shown in Figure 5.7(a). In each
cycle, 40 mA current was alternately applied to one of the SMA wires for 5 s, followed by a 30 s
natural cooling period. After the 20th cycle, the sensor was removed. Figure 5.8 shows the motion
ranges versus test cycles. The two groups of results before and after the sensor was removed are
individually modeled using a second-order polynomial regression. By comparing the predicted
motion ranges at the 20th and 21st cycle, the decrease of the motion range of the SMA bending
module is estimated to be 36.74%. This result proves that the SMA bending module maintains the
majority of its motion range due to the relatively small bending stiffness of the developed sensor.
The bending stiffness of the sensor can be reduced further by reducing the width and thickness
of the substrate or using softer material as the substrate, as discussed in Section 5.2.3. When the
FBG fibers were bonded by applying rigid adhesive through the substrate or at the two ends of the
substrate, similar to the methods in related works [69, 72, 73, 106–108], the bending stiffness of the
fabricated sensor became so high that the SMA bending module could hardly deflect due to the
significant reinforcement effect of the rigid adhesive.
5.3.4 Evaluation of the Integrated Sensor
The sensor was integrated with the SMA bending module to evaluate its working performance. By
applying a constant electric current to individual SMA wires, the bending module was deflected
bi-directionally and the stable angle was measured by the stereoscopic camera. The experiment was
performed after fatiguing the sensor/actuator assembly by 10 cycles. Figures 5.9(a) and (b) show
the sensor output versus the bending angle in the relatively large and small motion ranges, when the
electric current is increased from 0 to 38 mA and 0 to 30 mA, respectively. In both cases, hysteresis
is observed, due to the friction applied on the sensor at the sliding end. The friction applied on
the two fibers is opposite and reversed at the critical straight configuration. To reduce the friction
and hysteresis, other smoother materials can be used to fabricate the rigid links, and a frictionless
sheath can be placed inside the sliding hole. It is also observed that the sensitivity is not a constant
value, probably due to the high sensitivity of FBG sensing to the torsional motion of the bending
module [109]. Another reason is that the curvatures of the sensor and bending module are slightly



























































































































Figure 5.9: Calibration results of the FBG bending sensor integrated with the SMA bending
module: (a) electric current increased from 0 to 38 mA, (b) electric current increased from
0 to 30 mA (hysteresis loop (a) denotes the hysteresis loop in figure (a)), (c) experimental
results of 100 cycles with the Prandtl-Ishlinskii hysteresis model.
As shown in Figure 5.9(a), a piecewise phenomenological model is used to individually fit the
results of the upward and downward bending using a second-order polynomial regression. The
RMSE and R2 values for individual cases are listed in Table 5.2. Since the maximum bending
angle is about 29◦ and the distance between the two rigid links is about 6.5 mm, the maximum
Table 5.2: Results of model fitting and measurement error




















measurable curvature is estimated to be 77.87 m−1. Compared to the maximum measurable cur-
vature reported in the literature (66.66 m−1 [73]), the developed sensor achieved 16.8% improve-
ment in the measurement capability. As analyzed in Section 5.2, this improvement is attributed to
the ultra-thin superelastic substrate and flexible adhesive, which control the strain of FBG fibers
within the strain limit at large curvatures. Another 100 cycles were operated by alternately applying
30 mA to individual SMA wires. The bending angle versus the sensor output is modeled using the
Prandtl-Ishlinskii model and least-square approach [110], as shown in Figure 5.9(c). The RMSE
is about 1.98◦, which proves the relatively high repeatability of the developed sensor. To evaluate
the measurement accuracy of the sensor, the bending direction is assumed to be pre-known, and the
piecewise phenomenological model is utilized to calculate the bending angle based on the sensor
output. Table II shows the relatively small measurement error for all the cases in Figures 5.9(a)
and (b).
5.4 Discussion and Conclusions
In this chapter, an FBG bending sensor is proposed for the motion feedback of the SMA bending
module. Due to the large curvatures memorized by SMA wires, the SMA bending module is ca-
pable of large-curvature deflection. Therefore, the bending sensor should be able to measure large
curvatures. This objective is achieved by bonding two FBG fibers with an ultra-thin superelastic
substrate using flexible adhesive with low shear modulus. Thus, the induced strain in FBG fibers
can be controlled within the strain limit at large curvatures. Since the two FBG fibers are orthogo-
nal to the two SMA wires, the two fibers will be equally heated via natural convection when either
SMA wire is heated. The working principle was analytically modeled, which indicates the trade-off
between the maximum measurable curvature and sensitivity. The sensor integrated with the SMA
bending module shows relatively small bending stiffness, high repeatability, and high measurement
precision, although hysteresis is observed during cyclic motion. Experimental studies show that the
sensor is able to measure the deflection of the SMA bending module up to a curvature of 77.87 m−1,




To manipulate a meso-scale surgical robot, a robotic guiding system is required. When a standalone
robot is used, continuous imaging-based registration is required and patients have to be fully im-
mobilized [111]. Standalone parallel robots have been explored to manipulate surgical tools with
high precision [112, 113]. By installing a guiding system on a stereotactic frame, the imaging-
based registration can be simplified and patient immobilization becomes unnecessary [114]. To
reduce the system footprint and improve patient comfort, skull-mounted robotic headframes have
been explored. Miniaturized Stewart platforms were developed as skull-mounted guiding systems
for intracranial neurosurgery [115–117]. A tendon-driven skull-mounted parallel headframe with
two rotational DoFs and two translational DoFs was developed for neurosurgery [118]. To perform
intracranial neurosurgery using the NICHE robot presented in Chapter 2, this chapter will present a
lightweight skull-mounted headframe based on a parallel platform.
The rest of this chapter is organized as follows. Section 6.1 presents the design, fabrication, and
installation of the FBG bending sensor. Section 6.2 presents the working principle of the sensor,
followed by the analysis of the sensitivity through model-based simulations. Section 6.3 presents
several experimental studies to calibrate the sensor and evaluate the sensor integrated with the SMA
bending module. Section 6.4 concludes the chapter.
6.1 Hardware Development
6.1.1 System Design and Installation
Figure 6.1(a) shows the robotic headframe prototype mounted on a human skull model. Typical
intracranial neurosurgery uses pre-operative imaging to reconstruct the 3D anatomical structures
around the surgical region, whereby surgeons can identify the target and plan an insertion trajectory
that causes the minimum interruption to healthy tissue. The entry point on the skull is then deter-













Figure 6.1: Robotic headframe prototype: (a) headframe mounted on a human skull model,
(b) snap-fit mechanism, to attach the NICHE robot to the rack, (c) NICHE robot attached
to the rack, (d) vision markers placed around the base plate of the headframe, and (e) rack
actuated by a DC motor via a pinion.
concentrically aligned with the burr hole and fixed on the skull using three bone anchoring screws,
as shown in Figure 6.2(a). Three petals branch out from the bottom rim of the pedestal as support-
ing structures for the installation of the Stewart platform, as shown in Figure 6.2(b). The Stewart
platform contains six legs between the top plate and the base plate. Each leg consists of a passive
universal joint, an active prismatic joint, and a passive ball joint. A sterile plastic drape with a hole
is placed between the pedestal and the Stewart platform to protect the patient from contaminating
agents carried by the robot. Meanwhile, as shown in Figure 6.1(b), Figure 6.1(c), and Figure 6.2(c),
the NICHE robot is attached to the lower end of the rack on the linear actuation module via a snap-















Figure 6.2: Installation of the skull-mounted headframe including: (a) fixing the pedestal
using bone anchoring screws, (b) installing the Stewart platform on the pedestal, (c) attach-
ing the NICHE robot to the rack, and (d) installing the linear actuation module interfaced
with the NICHE robot onto the Stewart platform.
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fit mechanism. As shown in Figure 6.1(e), the rack is coupled with a pinion and actuated by a
DC motor with a 1024:1 gearhead (FAULHABER, Croglio, Switzerland), so that it is capable of
inserting and retracting the NICHE robot. Electric wires and surgical accessories such as suction
tubing can pass through the lumen of the rack and connect to the individual equipment. Finally, the
linear actuation module interfaced with the NICHE robot is mounted on the top plate of the Stewart
platform, as shown in Figure 6.2(d). After installation, the robotic headframe is registered using an
imaging system and then actuated to align the NICHE robot with the planned insertion trajectory.
6.1.2 System Fabrication
To enhance safety and minimize the obstruction for surgeons, the headframe needs to be lightweight,
compact, and as small as possible. The developed headframe is about 82 mm in diameter at the
base plate and the top plate, and 190 mm tall from the bottom of the pedestal to the top of the
linear bearing. Since the NICHE robot is lightweight (about 4.3 g), the payload applied on the
headframe is negligible and 3D-printed plastic components (3D Systems, Rock Hill, SC, USA) can
sufficiently ensure the structural stability. High manufacturing precision up to 50 µm per 25.4 mm
can be achieved. Each prismatic joint is an off-the-shelf linear actuator (Actuonix Motion Devices,
Victoria, BC, Canada). Since only fine posture adjustment of the NICHE robot is needed before
insertion, all the linear actuators have a small full stroke of 10 mm. In addition, the selected linear
actuators have high gear ratio, so that large force up to 45 N can be generated. The ball joints
(Igus, Cologne, Germany) are entirely plastic and the universal joints (Huco Dynatork, Hertford,
England) are plastic except for brass inserts. The overall load applied on the skull model by the
headframe is about 316 g. As shown in Figures 6.1(a) and (d), several vision markers are placed
around the circumference of the base plate of the headframe. Thus, a stereo camera can detect the





A conventional method is used to model the inverse kinematics of the robotic headframe. As shown
in Figure 6.3(a), the base frame, {FB}, and the tool frame, {FT }, are located at the center of the
upper surfaces of the base plate and the top plate, respectively. The xb-axis points to one ball joint,
the zb-axis is perpendicular to the plate surface, and {FT } is aligned with {FB} along the zb-axis at
home configuration. Therefore, the position of ball joints with respect to {FB} and universal joints



























3 }. Bz and
Uz are the vertical distance from {FB} and {FT } to the ball joints and universal joints, respectively.
rb and ru are the distance from the center of the base plate and the top plate to the center of each

































Figure 6.3: Definitions of coordinate frames: (a) coordinate frames for the Stewart platform
and (b) Tait-Bryan rotation convection for the linear actuation module.
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denoting qi as the length of each linear actuator, q =
ï
q1 q2 q3 q4 q5 q6
òT
is the joint space
of the robotic headframe. At home configuration, all the linear actuators are at their shortest length.
For the easiness of motion planning in the next subsection, Tait-Bryan angles (α, β, and γ) are
used to define the rotation of the NICHE robot with respect to {FB}, as shown in Figure 6.3(b).
The orientation of the NICHE robot can be decomposed into a series of rotation with respect to the
xt-, y′t-, and z
′′




CαSγ + CγSαSβ CαCγ − SαSβSγ −CβSα
SαSγ − CαCγSβ CγSα + CαSβSγ CαCβ
 (6.2)







x y z α β γ
òT
is the task space of the robotic headframe. The inverse kinematics of
the Stewart platform can be solved using the close-loop geometric relationship through each leg of
the Stewart platform, which is given by:
f =
ï
f1 f2 f3 f4 f5 f6
òT
(6.3)
where fi : qi − ‖RBT pTui + PBT − pBbi‖ = 0.
6.2.2 Motion Planning
After the installation of the headframe interfaced with the NICHE robot, imaging registration can be
performed to detect the position of the entry point and the target point with respect to the headframe.
The Stewart platform is then actuated to align the NICHE robot with the planned insertion trajectory.
As shown in Figure 6.4, since the NICHE robot points towards the entry point, the position of the
entry point with respect to {FB}, pBe , is given by:
pBe = −‖pTe ‖RBT êz + PBT (6.4)
where pTe denotes the position of the entry point with respect to {FT } and êz = [0 0 1]T . similarly,
the position of the target point with respect to {FB}, pBt , is given by:













Figure 6.4: Kinematic relationship among the NICHE robot, entry point, and target point.
where pTt denotes the position of the target point with respect to {FT }. Subtracting Equation (6.5)
from Equation (6.4) yields:
pBe − pBt = (‖pTt ‖ − ‖pTe ‖)RBT êz (6.6)
Since the target point, entry point, and origin of {FT } are simultaneously aligned along the insertion
trajectory, ‖pTt ‖−‖pTe ‖ = ‖pTe −pTt ‖ = ‖pBe −pBt ‖, where pBe and pBt are obtained during initial







. Therefore, the rotation angles α and β, and the tilt angle between the
NICHE robot and the zb-axis, ψ, are solved as:






ψ = arccos(cosα cosβ)
(6.8)
The above results show that the rotation angle, γ, is a redundant DoF, since the NICHE robot is





e + ‖pTe ‖v̂Bte (6.9)
The above expression indicates that PBT is a vector from the entry point along v̂
B
te. ‖pTe ‖ is a
scaling factor for the length of PBT and it is represented by se in the following sections. Therefore,
the 2-DoF redundancy of the headframe system can be represented by the parameter set {se, γ}.
6.2.3 Configuration Optimization
The kinematic redundancy can be used to optimize the headframe configuration. Due to the posi-
tioning error of the linear actuators, the objective is to minimize the influence of the error in the joint
space on the positioning accuracy in the task space. The optimization is subject to several geometric
constraints. Since the length of each linear actuator, qi, varies between qmin and qmax, the first set
of constraints is given by: qmin ≤ qi ≤ qmax. Due to the finite length of the linear rack, the second
constraint is given by: Lin + rh ≤ lmax, where Lin = ‖PBT − pBt ‖. Lin is the insertion distance,
lmax denotes the length from the tip of the NICHE robot to the upper end of the rack, and rh ensures
that the articulated tip can cover the most area of the hemorrhage. The joint space can be related to
the task space by differentiating Equation (6.3) with respect to time, which yields:
Jqq̇ − Jxẋ = 0⇔ ẋ = J−1x Jqq̇ (6.10)
where Jq = ∂f∂q and Jx =
∂f
∂x . Thus, the positioning error in the joint space, εq, can be mapped to




where εq = [eq1 eq2 eq3 eq4 eq5 eq6]T and εx = [ex ey ez eα eβ eγ ]T . A popular performance index
for redundant system optimization is the system manipulability, which was proposed to measure
the motion capability from a specific configuration [119, 120]. Since the headframe will be fixed
at the optimized configuration, it is not an appropriate index. Another popular performance index
is the condition number, which implies how the error in the joint space induces the error in the
task space [121]. In our application, the system redundancy should be employed to minimize the
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T (α+ eα, β + eβ, γ + eγ)
−RBT (α, β, γ))êz + [ex ey ez]T
(6.12)
It is hypothesized that the linear actuation module is capable of precisely controlling the insertion
distance due to the high ratio gearhead and high-resolution encoder integrated with the DC mo-
tor. Besides, small positioning error at the top plate will be amplified significantly at the tip of the
NICHE robot. Thus, it is assumed that the tip positioning error is exclusively induced by the posi-











. Therefore, the Euclidean distance error
for the target point is given by:
ε = εTqQεq (6.14)
where Q = JTq J
−T
x M
TMJ−1x Jq. If all the linear actuators produce the same error, eq, the
positioning error in the joint space is given by: εq = eqI6×1. Therefore, to reduce the positioning
error, the optimization objective is to minimize the cost function, Cerror, as follows:
x̄ = arg min
x
(Cerror) (6.15)
where Cerror = I1×6QI6×1. The above optimization is subject to the aforementioned geometric
constraints. A brute-force algorithm is used to search the best parameter set in a discrete space with
a step size of 0.25 mm and 0.25 ◦ for se and γ, respectively. It costs up to over 20 minutes to search
the optimal configuration for some pairs of target point and entry point on a desktop computer
(Intel R© CoreTM i7-6700 CPU @ 3.4 GHz).
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6.2.4 Workspace Simulation
After the headframe is mounted on the patient’s skull, the headframe manipulates the NICHE robot
to align it with the entry point and the target point. Therefore, the capability of the headframe in
orienting the NICHE robot with its tip pointing to the entry point is important. The workspace of
the headframe is defined as the collection of all possible poses of the NICHE robot when its tip
points to the entry point. Because the pedestal is rigidly fixed on the skull, the distance from the
entry point to the origin of {B} along the zb-axis is assumed to be constant. Since it is challenging
to analytically compute the forward kinematics of a Stewart platform, which can include up to
40 real postures [122], the workspace of the headframe is simulated using brute-force search with
the geometric constraints. If the entry point is perfectly aligned with the center of the pedestal in
the xb − yb plane, the workspace of the headframe is shown in Figures 6.5(a) and (b). Only the



































Entry Point ([0 0 -28]T)












































Figure 6.5: Workspace of the headframe when the entry point is fixed at
[0, 0,−28]T : (a) 3D view and (b) top view. (c) Maximum tilt angle in the xb-
axis when the lower bound varies between [110 mm, 150 mm] for different {rb, rj}.
(1:{45,40},2:{45,30},3:{45,35},4:{40,35},5:{50,35}). (d) Maximum tilt angle along the
xb-axis versus rb and ru.
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Figure 6.6: Maximum tilt angle in the positive and negative directions along xb- and yb-axis
versus the entry point position: (a) entry point shifts along the xb-axis and (b) entry point
shifts along the yb-axis.
shaped workspace which is symmetric about three axes. Along the positive xb- and yb-axis, the
maximum tilt angles are the same as 6.9◦. Along the negative xb- and yb-axis, the maximum tilt
angles are the same as 6.8◦.
It is critical to design the geometry of the Stewart platform to obtain a large workspace with-
out significantly increasing the system volume. Three primary geometric variable are investigated,
including the radius of the top plate, ru, the radius of the bottom plate , rb, and the range of leg
length. Since the linear actuator has a 10 mm stroke, the range of leg length is determined by its
lower bound, llb. llb can be adjusted by using adaptive components that connect linear actuators to
universal and ball joints. The minimum value of llb is 110 mm. In the first simulation, it is observed
that there is no significant change in workspace by increasing llb. Figure 6.5(c) shows the change in
the maximum and minimum of the maximum tilt angle along xb when llb changes between 110 mm
and 150 mm for different combinations of {rb, rj}. Therefore, the minimum length of 110 mm
is selected for a compact design. In the second simulation, it is observed that workspace is much
more affected by ru than rb. Figure 6.5(d) shows that the maximum tilt angle along the xb-axis
significantly increases when ru increases and is barely affected by the change of rb. Therefore, a
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small bottom plate should be used to enable a small footprint of the headframe.
However, the center of the headframe pedestal and the entry point may be slightly misaligned
since the installation is manually performed. It is critical to check the workspace of the headframe
given slightly misaligned entry points. Based on the diameters of the pedestal hole and the NICHE
robot, all possible positions of the entry point are constrained within a 11 mm diameter circular
region in the xb − yb plane. Figures 6.6(a) and (b) show the changes of the maximum tilt angles in
the positive and negative directions along the xb- and yb-axis when the entry point shifts along the
xb- and yb-axis, respectively.
6.3 Experiment and Demonstration
6.3.1 2D Positioning Accuracy
The first experimental study evaluates the positioning accuracy of the headframe for the entry point.
In this study, as shown in Figure 6.7(a), the headframe is fixed on the top of a setup made of acrylic
plates. A piece of grid paper (interval distance: 1 mm) is placed on the top of a 3 mm thick flexible
plate made by a Form 2 3D printer (Formlabs Inc., Somerville, MA, USA) and fixed between the
headframe pedestal and the top acrylic plate. Meanwhile, a stiff and slender rod with a conical
tip is installed on the linear actuation module, so that it can be actuated to indent the grip and the










Figure 6.7: Experimental evaluation of 2D positioning accuracy: (a) a slender rod with a
conical tip manipulated by the headframe and (b) indentation on the grip paper with red
dots showing the planned entry points.
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Table 6.1: Positioning error for entry points
Planned Planned Actual Positioning Euclidean






Unit [mm mm mm] [mm mm mm] [mm mm mm] [mm mm mm] mm
1 [0 0 -25] [0 0 -100] [-0.074 -0.056 -25] [0.074 0.056 0 ] 0.093
2 [4 0 -25] [0 0 -100] [3.492 -0.186 -25] [0.508 0.186 0] 0.541
3 [0 4 -25] [0 0 -100] [0.316 3.714 -25] [-0.316 0.286 0] 0.426
4 [-4 0 -25] [0 0 -100] [-3.659 0.167 -25] [-0.341 -0.167 0] 0.380
5 [0 -4 -25] [0 0 -100] [0.037 -4.049 -25] [-0.037 0.049 0] 0.061
6 [4 4 -25] [0 0 -100] [3.343 4.079 -25] [0.657 -0.079 0] 0.662
7 [-4 4 -25] [0 0 -100] [-3.250 3.454 -25] [-0.750 0.546 0] 0.928
8 [-4 -4 -25] [0 0 -100] [-4.060 -4.030 -25] [0.060 0.030 0] 0.067
9 [4 -4 -25] [0 0 -100] [3.529 -3.491 -25] [0.471 -0.509 0] 0.694
are planned as the entry point and [0 0 -100]T is designated as the target point. After performing
motion planning and computing inverse kinematics with configuration optimization, the headframe
is actuated to indent the grip paper with the tip of the slender rod. For each planned entry point,
indenting trials were repeated three times.
It is observed that the indents of three trials for each planned entry point merge together, so
that the geometric center of an indent is taken as the actual entry point. Figure 6.7(b) shows all the
actual indentations (black dots) and planned entry points (red dots). A stereo microscope (Model
S6D, Leica, Wetzlar, Germany) was used to measure distance. For each planned entry point, the rod
is inserted 0.5 mm more than the planned distance to ensure the contact between the grip paper and
the rod tip. Table 6.1 also summarizes the error for all the tests, where PBe , P
B
t , and P
B
i are the
position of the planned entry point, planned target point, and actual indentation, respectively. dBe is
the positioning error for the entry point and dBe = P
B
e −PBi . The average positioning error is about
0.428 mm for all the planed targets points and the maximum positioning error is 0.928 mm for the
planned entry point at [-4 4 -28]. The positioning error is primarily caused by the error of the linear
actuators, structural error of the headframe, and the misalignment of the grip paper. Since the burr
hole made by the surgeon is usually slightly larger than the surgical robot, this amount of positioning
error in targeting the entry point should be acceptable. The reference paper was carefully placed to
align its x- and y-axis with xb- and yb-axis, respectively. The positioning error is primarily caused
by the positioning error of the linear actuators, the tolerance between the linear bearing and the rack,
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and the slack in the ball joints.
6.3.2 3D Positioning Accuracy
The second experimental study evaluates the positioning accuracy of the headframe for the target
point in the 3D space. In this study, as shown in Figure 6.8(a), a modified slender rod with a vision
marker on its tip is installed on the headframe. By detecting the position of the vision markers
around the circumference of the base plate of the headframe in the coordinate frame of the camera,
{FC}, the position and orientation of {FB} can be registered in {FC}, which are denoted by PBC
and RBC , respectively. The detailed registration process is given in Appendix A. Afterwards, several
different locations are planned as the target point, (PBt )
T , as shown in Table 6.2. After designating
[0 0 -28]T as the entry point, motion planning is performed and inverse kinematics is solved with
optimized configuration. The rod with the vision marker is then actuated to reach the planned target
point and the actual position of the vision marker with respect to {FC} is acquired by the stereo-
scopic camera and denoted as PCm. Figure 6.8(b) shows a camera image showing the headframe
with all the detected vision markers. Therefore, the position of the vision marker with respect to













Figure 6.8: Experimental setup for evaluating 3D positioning accuracy: (a) headframe ma-
nipulating a slender rod with a vision marker on the tip and (b) all vision markers detected
by the stereoscopic camera.
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Table 6.2: Positioning error for target points
Planned Planned Actual Positioning Euclidean





Unit [mm mm mm] [mm mm mm] [mm mm mm] [mm mm mm] mm
1 [0 0 -28] [0 0 -70] [0.562 0.662 -69.850] [-0.562 -0.662 -0.150] 0.881
2 [0 0 -28] [0 0 -80] [0.639 0.756 -80.295] [-0.639 -0.756 0.295] 1.033
3 [0 0 -28] [0 0 -90] [0.816 0.770 -90.470] [-0.816 -0.770 0.470] 1.208
4 [0 0 -28] [5 0 -80] [5.739 0.357 -79.892] [-0.739 -0.357 -0.108] 0.828
5 [0 0 -28] [0 5 -80] [0.766 4.812 -80.247] [-0.766 0.188 0.247] 0.827
6 [0 0 -28] [-5 0 -80] [-5.260 0.164 -80.601] [0.260 -0.164 0.601] 0.675




















































Figure 6.9: Registration of the base plate of the headframe and tip of the rod by detecting
all the vision markers using the stereoscopic camera: (a) isometric view and (b) top view.




T (PCm −PCB) (6.17)
Therefore, the positioning error for the target point is given by: dBt = P
B
t − PBm. Table 6.2 also
summarizes the error for all the tests, where dBm is the positioning error for the target point and
dBm = P
B
t −PBm. The average positioning error is about 0.428 mm for all the planed targets points
and the maximum positioning error is 0.928 mm for the planned entry point at [-4 4 -28]. The
positioning error is probably caused by the error of the linear actuators, structural error of the head-
frame, and tracking error of the stereoscopic camera. Therefore, the achieved positioning accuracy
is comparable with other related works [116, 118]. Figures 6.9(a) and (b) shows the position of all
vision markers detected by the stereo camera in the 3D space.
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6.3.3 System Demonstration
After integrating a NICHE robot prototype with the robotic headframe, a proof-of-concept demon-
stration was carried out to evaluate the capability of the developed headframe. To perform an ex
vivo study, gelatin tissue is made from 2% by weight Knox gelatin (Kraft Foods Global, Inc., USA)
inside a glass container to simulate the brain phantom. Meanwhile, a plastic pedestal is placed in
the glass container and a red oval core made from 3% by weight Knox gelatin tinted by red ink is
secured on the pedestal to simulate the hemorrhage. To install the headframe interfaced with the
NICHE robot, a acrylic cover with a 12 mm diameter thorough hole and three taped screw holes is
fixed on the top of the glass container. After aligning the headframe pedestal with the screw holes,
the whole setup can be securely installed on the top of the glass container using screws, as shown
in Figure 6.10(a).
Due to the manual alignment between the headframe pedestal and the burr hole in practice,
















Figure 6.10: Proof-of-concept demonstration: (a) robotic headframe interfaced with the
NICHE robot mounted on a container filled with gelatin phantom, (b) NICHE robot steered
by the robotic headframe towards the entry hole, (c) NICHE robot inserted into the sim-
ulated hemorrhage (red gelatin core), (d) distal bending tip of the NICHE robot actuated
and deflected, and (e) torsion module of the NICHE robot actuated and the end effector
articulating within the gelatin phantom.
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mimic the real scenario. The target point is designated inside the red gelatin core and it is decided
as [0 0 -80]T by manual measurement. Based on the position of the planned entry point and target
point, the program for motion planning and inverse kinematics computation is executed. The robotic
headframe is then actuated to steer the NICHE robot and align it with the target point and the entry
point in the entry hole, as shown in Figure 6.10(b). The NICHE robot is then inserted into the
gelatin core by the linear actuation module on the headframe, as shown in Figure 6.10(c). The
whole insertion process was stable and smooth, and the robot tip reached the center of the gelatin
core within five seconds. After the robot tip reaches the planned target point, the distal bending
tip of the NICHE robot is actuated and bent within the gelatin core by applying constant heating
current of 1A, as shown in Figure 6.10(d). The torsion joint of the NICHE robot is then actuated by
applying constant heating current of 0.5A to articulate the robot tip, as shown in Figure 6.10(e).
6.4 Discussion and Conclusions
In this chapter, a lightweight and compact skull-mounted robot headframe is proposed to manipu-
late the NICHE robot. The headframe interfaced with the NICHE robot has a total weight of about
320 g, thus it can be mounted on the human skull with the minimum discomfort of patients. Due
to the redundancy given by the symmetric surgical robot and the linear actuation module, the posi-
tioning accuracy can potentially be enhanced by minimizing the influence of the error in the joint
space on the task space. Therefore, a brute-force algorithm is employed to search the optimal robot
configuration that can minimize the positioning error. The 2D positioning accuracy for different
entry points and 3D positioning accuracy for different target points are experimentally evaluated.
The robotic headframe is capable of achieving sub-millimeter positioning accuracy. Finally, the ca-
pability of the headframe interfaced with the NICHE robot is demonstrated using a phantom model




When meso-scale surgical robots are used in clinical trials, intra-operative imaging guidance will
be necessary to provide target visualization and confirm the position of the robot with respect to
the target. CT and MRI are two popular imaging modalities due to their capability of high-contrast
3D imaging for soft-tissue structures. This chapter will present the evaluating experiments of the
NICHE robot and AFib robotic catheter under intra-operative CT and/or MR imaging guidance
using ex vivo or in vitro models.
The rest of this chapter is organized as follows. Section 7.1 presents the experimental studies
of the robot catheter under MR imaging guidance. Section 7.2 presents the manipulation of the
NICHE robot under CT imaging guidance. Section 7.3 presents the evaluating experiments of the
NICHE robot under MR imaging guidance. Section 7.4 concludes the chapter.
7.1 In Vitro Robot Evaluation
7.1.1 MR Imaging-Guided Tests
The MRI-compatibility of the SMA bending module and the steerable catheter tip is evaluated
using the experimental setup shown in Figure 7.1(a). The braid-reinforced tube is removed due
to its stainless steel braids. The steerable tip is fixed on a 3D-printed plastic tube and the distal
two bending modules are immersed in water inside a container. The experimental setup was placed
inside a 60 mm diameter quadrature detection coil (Doty Scientific Inc., Columbia, SC, USA) within
a 7 Tesla MRI scanner (PharmaScan R©, Bruker, Billerica, MA) to acquire MR images. The repetition
time (TR) and echo time (TE) are 50 ms and 2.6 ms, respectively. In the first case, the second distal
bending module of the steerable tip was actuated directly by Joule heating actuation. Figures 7.2(a)
and (b) show the MR images acquired before actuation and after 2 A current was applied for 10 s.
A bright area is observed near the steerable tip in the MR image, due to the intensified magnetic
field caused by the large electric current through the leading wiring and SMA wire. The bending
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Figure 7.1: MRI-compatibility evaluation: (a) experimental setup with the SMA-actuated
catheter tip inside a water container and (b) SNR values of MR images acquired before ac-
tuation (baseline), when the tip moves upward and downward, and after actuation (baseline
again).
angle is relatively small due to the fast heat dissipation in water. In the second case, the second
distal bending module is actuated by conductive heating actuation. Figures 7.2(c) to (f) show that









Figure 7.2: Manipulation of the SMA-actuated catheter tip under MR imaging guidance:
(a) before Joule heating actuation, (b) during Joule heating actuation, (c) before conductive
heating actuation before actuation, (d) tip moving upward under conductive heating actua-
tion, (d) tip moving downward under conductive heating actuation, and (f) after conductive
heating actuation.
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100 mA electric current. Figure 7.1(b) concludes the signal-to-noise ratio (SNR) values of MR
images acquired before, during, and after actuation for three individual tests. It is observed that the
SNR values are almost constant in the whole procedure. The difference between these two cases
proves that large electric current causes strong electromagnetic field and the developed steerable
tip is MRI-compatible due to its small electric current requirement. To calculate SNR values, two
consecutive images with a 5 s interval are acquired when the catheter maintains a stable pose.
After selecting a fixed region of interest (ROI), as shown in Figures 7.2(c) to (f), the mean pixel
intensity within the ROI in the first image is defined as the image signal. A third image is obtained
by subtracting the second one from the first one and the image noise is defined as the standard
deviation of the pixel intensity within the same ROI in the third image divided by
√
2 [123]. To
develop a fully MRI-compatible catheter, the braid-reinforced tube can potentially be customized
by using Nitinol as the filament material.
7.1.2 CT Imaging-Guided Manipulation
The NICHE robot with the second-generation torsion module is fixed on the tip of an aluminum
rod and manually inserted into a cantaloupe (at its core) to evaluate its working performance in
the humid environment, as shown in Figure 7.3(a). Figure 7.3(b) shows the shaded surface display
of the robot prototype using a C-Arm CT scanner (Siemens, Munich, Germany). It demonstrates
the ease of identifying the robot along with its individual components, such as the torsion module
(a) (b)
Figure 7.3: Experimental setup for CT imaging-guided tests on phantom models: (a)
NICHE robot within the cantaloupe and (b) shaded surface display of the NICHE robot
in a gelatin slab.
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Figure 7.4: CT imaging of the tip articulation of the NICHE robot within the cantaloupe
by actuating the SMA torsion module.
Figure 7.5: Screenshots of the multi-planar display capabilities of cone-beam CT and I-
Guide reconstructions during the NICHE robot manipulation within the cantaloupe.
and the distal bending tip, by using cone-beam CT image reconstructions. Under C-Arm CT image
guidance, a constant current of 1.9 A is provided to actuate the SMA torsion module. Figure 7.4
shows the rotary motion of the torsion module for about 300◦ (by visual estimation) in 30 s with the
deflected bending tip. Since the structural components of the robot are plastic, they are transparent
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in CT images. The motion range is smaller than the motion range in air as presented in Section
2.2.3, probably due to the resistant force applied by the soft tissue in the cantaloupe on the torsion
module when the tissue is pressed by the moving bending tip. This factor not only reduces the
motion range, but also increase the temperature requirement for completing the forward SMA phase
transformation. The highest heating temperature is limited by the maximum heating current and the
heat resistance of the robot components and electric wiring. Figure 7.5 shows the multi-planar
display capabilities of cone-beam CT and I-Guide reconstructions during the robot manipulation
within the cantaloupe. This allows the operator to assess the individual components of the robot in
relationship to adjacent soft-tissue structures in a variety of user defined planes.
7.2 Ex Vivo Robot Evaluation
7.2.1 Human Cadaver Head Preparation
The preparation of a human cadaver head for ex vivo robot evaluation is shown in Figure 7.6. As
shown in Figure 7.6(a), the scalp around the designated entry point for the NICHE robot was re-
moved in a preparation room. In the second step, a burr hole was drilled on the skull at the desig-














Figure 7.6: Preparation of the ex vivo studies on a human cadaver head: (a) removing scalp,
(b) drilling a burr hole on the skull, (c) drilling screw holes using a mold, (d) mounting the
pedestal onto the skull, (e) installing the headframe onto the pedestal, and (f) inserting the
NICHE robot and fixing its position using brass screws.
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mold and a pedestal was fixed on the skull using brass screws, as shown in Figures 7.6(c) and (d).
After removing the dura inside the burr hole, the temperature of the brain tissue was measured to
be about 25◦C using an infrared thermometer. Afterwards, the cadaver head was transported onto
a patient table in a surgical suite equipped with a C-arm CT scanner (Siemens, Munich, Germany).
A nonrobotic headframe was then mounted onto the pedestal using brass screws, as shown in Fig-
ure 7.6(e). The pedestal and the headframe were 3D-printed in plastic material. After the NICHE
robot was inserted through the linear bearing on the top of the headframe, the NICHE robot was
locked using two brass screws, as shown in Figure 7.6(f).
7.2.2 CT Imaging-Guided Manipulation
CT is usually used to provide image guidance during intracranial neurosurgery, due to its good
imaging contrast and allowance of surgeons’ intra-operational intervention. Therefore, the NICHE
robot equipped by the second-generation fiberoptic rotation sensor was evaluated under CT imaging
guidance using the human cadaver head, as shown in Figure 7.7. The technique of conductive
heating actuation was applied on the bending tip of the NICHE robot.
As shown in Figure 7.8(a), the cone-beam CT image shows the artifacts created by the NICHE
robot in the initial straight configuration. The artifacts created by the SMA wires of the bending
tip are clean, while the artifacts created by the brass screws and stainless steel linear bearing are
messy, but they do not affect the ROI around the robot tip. In the first step, the bending tip was
actuated by applying a 50 mA electric current. As shown in Figures 7.8(b) and (c), the bending tip





Figure 7.7: Experimental setup for CT imaging-guided tests on a human cadaver head: (a)









Figure 7.8: CT imaging-guided manipulation of the NICHE robot in the human cadaver
brain: (a) cone-beam CT imaging showing artifacts, (b) beginning of tip deflection, (c) end
of tip deflection, (d) beginning of tip articulation, (e) during tip articulation, and (f) end of
tip articulation.
wires in the bending tip could be easily identified. Compared to the experimental results when Joule
heating actuation was applied, as shown in Figure 7.4, conductive heating actuation enables a larger
deflection of the bending tip. This is probably because when the robot is surrounded by the wet
tissue, the heat of SMA is dissipated quickly via the thermal conduction with the tissue when the
SMA is heated. When conductive heating actuation is used, the SMA wire can be heated efficiently
even in the wet environment by increasing electric current and heating intensity, resulting in a larger
deflection. However, when Joule heating actuation is used, it is challenging to increase the electric
current, which is already required to be high to actuate the bending tip in air, due to the safety
concern, power limitation, and overheat of electric wiring. Next, the torsion module is controlled
using a PI controller to rotate by 360◦ with the motion feedback provided by the fiberoptic rotation
sensor. Figures 7.8(e) to (f) show the CT images of the robot when the robot rotates to the target
position. From the CT images, it is observed that the tip articulation is relatively precise and the





Figure 7.9: Experimental setup for MR imaging-guided tests on a human cadaver head: (a)
overall view and (b) close-up view.
7.2.3 MR Imaging-Guided Manipulation
Due to the concern of radiation exposure to patients and surgeons when CT is used, MRI is an
alternative solution to provide image guidance with good contrast and zero radiation. Therefore,
the MRI-compatibility of the NICHE robot integrated with the SMA bending tip and SMA torsion
module was evaluated. Due to the limited length of the off-the-shelf optical fibers, the fiberoptic
rotation sensor was not used and the NICHE robot was controlled in the open-loop mode. To ensure
the MRI-compatibility of the whole system, the headframe used for the CT tests was modified. The
linear bearing for inserting the NICHE robot is a nonmagnetic PTFE-lined fiberglass bearing. The
technique of conductive heating actuation was applied to the bending tip by routing nichrome coils
around the SMA wires of the bending tip using the method presented in Section 3.1.2, while the
torsion module was energized directly by Joule heating actuation. Ceramic bearings were used in
the SMA torsion module to support the rotary shaft.
After the pedestal was mounted on the skull using brass screws, the human cadaver head was
transported into the MRI suite and placed on the patient table. The headframe was then mounted
onto the pedestal using plastic screws and the NICHE robot was inserted through the linear bearing
and burr hole into the brain. After locking the NICHE robot using brass screws, the patient table
with the cadaver head was moved into the 70 cm diameter bore of a 3-Tesla MRI scanner (Siemens,
Munich, Germany). The digital control system was placed outside the MRI suite and the power
cables were connected to the robot through a penetration panel. The power supply outputs a constant












Figure 7.10: Dynamic MR imaging of the NICHE robot in the coronal plane: (a) human
cadaver head without the NICHE robot, (b) NICHE robot in the brain before tip deflection,
(c) bending tip of the NICHE robot deflecting towards the left, and (d) bending tip of the
NICHE robot deflecting towards the right. The red rectangle shows the ROI for calculating
SNR values.
To quantitatively evaluate the MRI-compatibility of the NICHE robot, dynamic MR imaging
was performed. The SNR change when either the bending tip or the torsion module was actuated
is calculated. The gradient echo (GRE) method was used and the scanning parameters were the
same for the both cases. TR is 12 ms, TE is 1.72 ms, field-of-view (FOV) is 220 mm, flip angle
is 10◦, slicing thickness is 4 mm, voxel size is 1.4 mm × 1.4 mm × 4 mm, and the frame rate is
1.2 s/frame. To evaluate the bending tip, a series of dynamic MR images in the coronal plane were
acquired when only the human cadaver head was in the scanner bore, as shown in Figure 7.10(a).
After the NICHE robot was installed, MR images were acquired when the robot was not actuated,
as shown in Figure 7.10(b). Afterwards, the bending tip was actuated by a 40 mA electric current
to deflect to the left and then right, as shown in Figures 7.10(c) and (d), respectively. To evaluate
the torsion module, a series of dynamic MR images in the transverse plane were acquired when
only the human cadaver head was in the scanner bore, as shown in Figure 7.11(a). After the robot















Figure 7.11: Dynamic MR imaging of the NICHE robot in the transverse plane: (a) human
cadaver head without the NICHE robot, (b) NICHE robot in the brain before tip articulation,
(c) robot tip articulating clockwise by actuating the SMA torsion module, and (d) robot tip
at a stable position. The red rectangle shows the ROI for calculating SNR values.
when the torsion module was not actuated, as shown in Figure 7.11(b). Afterwards, when the
torsion module was energized by a 2 A electric current, MR images were acquired, as shown in
Figures 7.11(c) and (d). Since the bending tip was not energized, it partially recovered the straight
configuration yet was still slightly deflected. Therefore, the rotating black area in Figures 7.11(b) to
(d) is an oblique section of the bending tip.
To calculate SNR values, an ROI close to the robot is selected in dynamic MR images, as
shown by the red squares in Figures 7.10 and 7.11. The method presented in Section 7.1.1 is used
to calculate SNR values. Figure 7.12(a) shows the SNR change for the bending tip tests. The SNR
value is 23.8 for only the cadaver head (baseline). The SNR value dropped about 17% to 19.7
after the NICHE robot was installed (bending unactuated). When the bending tip was actuated,
the drop of the SNR value was 1.2% (bending actuated). The negligible SNR drop was due to the
extremely low electric current for the conductive heating actuation. For the torsion module tests,
the initial SNR value was 14.41 for MR imaging of only the cadaver head (baseline), as shown in
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Figure 7.12: Change of SNRs value for dynamic MR imaging: (a) SMA bending tip ac-
tuated and (b) SMA torsion module actuated. The baseline denotes the SNR values when
the human cadaver head was placed inside the bore of the MRI scanner without the NICHE
robot.
Figure 7.12(b). The SNR value dropped by 18.5% to 11.7 for MR imaging of both the cadaver head
and the unactuated robot (torsion unactuated). When the torsion module was energized, the SNR
value experienced another significant drop of 17.3% and became 9.7 (torsion actuated), due to the
high electric current (2 A) used for Joule heating actuation. In addition, it was observed that electric
wiring sometimes snapped due to high Lorentz force when high electric current passed through it in
the strong magnetic field in the bore of the MRI scanner.
7.3 Discussion and Conclusions
In this chapter, the robotic systems based on the fundamental SMA actuation modules are exper-
imentally evaluated. In individual studies, intra-operative imaging guidance is provided by CT or
MRI when the robot is manipulated. In vitro studies under MR imaging guidance show that the
robotic catheter under conductive heating actuation is MRI-compatible. When the NICHE robot is
manipulated in a cantaloupe under CT imaging guidance, the individual components of the robot
128
against the surrounding tissue can be easily identified. The NICHE robot is further evaluated by ma-
nipulating it inside a human cadaver brain. Under CT imaging guidance, the articulation of the robot
tip can be controlled in the closed-loop mode with the motion feedback provided by the fiberoptic
rotation sensor. By applying the technique of conductive heating actuation on the bending tip, the
bending tip can perform sharp deflection in brain tissue. Under MR imaging guidance, the NICHE
robot shows good MRI-compatibility when the bending tip is actuated by conductive heating due to
small electric current and electromagnetic field cancellation; Nevertheless, the MRI-compatibility




CONCLUSIONS AND FUTURE WORK
8.1 Conclusions
This thesis focuses on the development of surgical robotic systems based on smart materials and
structures. Nitinol SMA is explored to develop meso-scale actuation modules and optical sensors
are developed to provided motion feedback. Since Nitinol is a safe material to be used in the
magnetic and radioactive environment, the developed surgical robots can potentially be manipulated
under intra-operative imaging guidance, which can provide surgeons with real-time visualization.
In addition, intra-operative MR imaging-guided surgery, which is challenging using conventional
surgical tools, can become possible. 3D-printing techniques are utilized to manufacture the robotic
devices with relatively low cost, high accuracy, and fast speed, enabling disposable surgical robot
prototypes. The specific contributions of the research presented in this dissertation are concluded as
follows:
1) To perform torsion motion in robot-assisted surgery, a compact torsion module is devel-
oped based on the customized SMA torsion springs made of Nitinol wiring [124, 125]. Through
the alternate shape recovery of SMA torsion springs under Joule heating, bi-directional torsion
module can be performed. Given the nonlinear thermomechanical properties of SMA, the optimal
pre-deformation of SMA torsion springs is derived to achieve the maximum motion range. The
developed SMA torsion module is able to rotate by more than 360◦, which is sufficient for most
surgical applications requiring torsion motion.
2) Bending motion is another necessary motion type for surgical procedures. This research
work pushes the SMA bending module closer to clinical applications by proposing a conductive
heating actuation technique [126]. By routing a folded, enameled high-resistance nichrome wire
around each SMA wire of the bending module, the bending module can be actuated efficiently by
applying significantly low electric current to the nichrome wire. Since the electromagnetic fields
by individual nichrome strands are canceled by each other, the MRI-compatibility of the device is
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improved.
3) A compact fiberoptic rotation sensor is developed based on light intensity modulation to
provide the motion feedback of the SMA torsion module and control its motion in a closed-loop
mode [127–129]. A brass mirror is fabricated to modulate the light emitted and received by optical
fibers when the mirror rotates with the torsion module. By using three fiber sets, the measurement
range of the sensor is more than 360◦. By integrating the sensor with the SMA torsion module, the
rotation motion can be controlled precisely .
4) To measure the large-curvature deflection of the SMA bending module, an FBG bending
sensor is developed. The sensor is fabricated by combining FBG fibers with an ultra-thin supere-
lastic substrate using flexible adhesive with low shear modulus. Thus, the strain in the fibers can be
controlled under the strain limit at large curvatures, enabling the measurement of large curvatures.
However, hysteresis is observed due to the friction applied on the sensor. Due to the orthogonal
arrangement of the fibers and SMA wires, the differential sensor output is insensitive to the temper-
ature change caused by SMA actuation.
5) The developed actuation and sensing modules are applied to develop a robotic catheter for
AFib treatment [126] and a neurosurgical robot, named NICHE, for ICH evacuation [130, 131],
respectively. The robotic catheter consists of multiple SMA bending modules and shows MRI-
compatibility. The NICHE robot is developed by integrating the SMA torsion module and SMA
bending module to realize tip articulation in the blood clot. The rotation of the robot tip can be
precisely controlled using the motion feedback provided by the fiberoptic rotation sensor. A skull-
mounted robotic headframe is developed to manipulate the NICHE robot for ICH evacuation [132].
The developed robotic systems are evaluated using phantom and cadaver models under computed
tomography (CT) and MR imaging guidance as a proof-of-concept.
8.2 Future Work
In this subsection, potential future work related to the smart actuation modules, intrinsic sensors,
and the robotic systems is discussed as follows:
1) It is important to redesign the torsion module to enable its application in general surgical
procedures. It is desired to enlarge the channel through the module so that more surgical tools, such
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as an endoscope camera and micro scissors, can be integrated for surgical procedures in addition to
ICH evacuation. Other smart materials, such as magnetically-driven materials and SMP, as well as
tendon-driven mechanisms, can be explored for this objective.
2) The second objective is to improve the working performance of the SMA torsion module.
To develop an MRI-compatible SMA torsion module, the conductive heating actuation technique
can be applied. This requires to develop a mechanism to route a nichrome wire around the SMA
spring. An alternative solution is to deposit high-resistance conductive material onto the spring with
an electrical insulation layer [133]. To improve the working bandwidth, forced fluidic cooling can
be explored [134].
3) The intrinsic shape sensors for the smart actuation modules need to be improved. Long
optical fibers should be integrated with the sensor to evaluate its working performance in the MRI
environment. The actual rotation of the NICHE robot tip need to be measured by using CT imaging
or EM tracking to compare it with the reference when the tip is controlled in the closed-loop mode.
4) The FBG bending sensor needs to be improved to improve flexibility, measurement precision,
and measurement range. Frictionless tubing can be threaded outside the sensor to potentially reduce
the friction and hysteresis. The hysteric model needs to be solved so that the SMA bending module
can potentially be feedback controlled. Other sensing mechanisms, such as nanofibers [135] and
liquid metal [136], will be investigated to develop a uni-directional bending sensor to measure the
3D deflection of the bending module under external loading.
5) To manipulate the neurosurgical robot under MR imaging guidance, it is imperative to de-
velop an MRI-compatible robotic headframe. The headframe needs to be designed properly so that
it can be fit inside the bore of the MRI scanner. To enable an MRI-compatible robotic headframe,





HEADFRAME REGISTRATION IN CHAPTER 6
As shown in Figure 6.8, the base plate of the headframe is divided into three sections by the ball
joints and five vision markers are placed along the circumference of the base plate in the section
between the positive x- and y-axis. Besides, two vision markers are placed on the two bolts used
to fix the two ball joints along the positive x- and y-axis, respectively. The position of the six








T (i ∈ {x, 1, 2, · · · , 5}), where the subscript ‘x’ denotes the vision marker on the
x-axis. These position values are acquired by N times in a period of time. The base plane through
the origin of {FB} and all the vision markers is denoted by: c1x+ c2y+ c3z = 1, where c1, c2, and
c3 denote three constant coefficients. C ≡ [c1 c2 c3]T can be calculated by solving the following
equation using the least-square method:ï
pCx1 · · · pCxN pC11 · · · pC5N
òT
3×6N
C = I6N×1 (A.1)
To calculate the position of {FB} with respect to {FC}, namely PCB ≡ [xCB yCB zCB ]T , the geometric
relationship among the vision markers is utilized. The vector between two vision markers with the
same distance to the origin of {FB} is perpendicular to the vector from their middle point to the
origin of {FB}, which yields:





) = 0 (A.2)
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where m6=n and m,n ∈ {x, 1, 2, · · · , 5}. Since any two vision markers between the x- and y-axis






















In addition to the above geometric relationship, the origin of {FB} is on the base plane, which
yields:
CTPCB = 1 (A.4)
To solve the above overdetermined system, Equation (A.4) is rewritten by representing zCB in terms
of xCB and y
C
B . By substituting the rewritten Equation (A.4) into Equation (A.3), the overdetermined
system can be solved using the least-square approach and PCB can be thereby estimated. Therefore,




ŵ = − C
‖C‖
v̂ = ŵ × û
(A.5)
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